— 


Volume MTT-6 JANUARY, 1958 
In This Issue 


Frontispiece 

Editorial 

Foreword 

Contributions 

Correspondence 

PGMTT News 

Call for Papers 1958 National Symposium 
Contributors 


Roster of PGMTT Members 


For complete Table of Contents, see page i 


Number | 


PAGE 


IRE PROFESSIONAL GROUP ON 

MICROWAVE THEORY AND TECHNIQUES 
The Professional Group on Microwave Theory and Techniques is an association 
of IRE members with professional interest in the field of Microwave Theory and 
Techniques. All IRE members are eligible for membership and will receive all 
Group publications upon payment of the prescribed annual fee of $3.00. Mem- 
bers of the American Physical Society may become affiliated with PGMTT and 
receive all Group publications upon payment of the Affiliate fee of $7.50 per 
year. 


Administrative Committee 


Chairman 


W. L. PrircHARD 


Vice-Chairman Secretary-Treasurer 
La SeOAAD R. D. WENGENROTH 

T. N. ANDERSON H. F. ENCELMANN R. F. ScHwWARTz 

R. E. BEAM Henry MAGNUSKI GEORGE SINCLAIR 

A. C. Brcx W. W. Mumrorp G. C. SouTHWORTH 

A. G. CLAVIER A. A. OLINER Kryo ToMryasu 

S. B. CoHN S. D. RoBeRTSON ERNEST WANTUCH 

C. W. Curtis H. A. WHEELER 

PGMTT Chapters 

Albuquerque-Los Alamos H. D. Finch New York Saul Rosenthal 
Baltimore W. R. Hom Northern New Jersey Nat Evans 
Boston P. D. Strum Philadelphia E. J. Forbes 
Buffalo-Niagara Robert E. Kell San Diego J. B. Smyth 
Chicago Edward Dervishian San Francisco W. H. Thon 
Long Island Henry Jasik Schenectady T. R. Bristol 
Los Angeles Dean Anderson Syracuse W. T. Whistler 


Washington Gustave Shapiro 


IRE TRANSACTIONS® 
on Microwave Theory and Techniques 
Published by the Institute of Radio Engineers, Inc., for the Professional Group 
on Microwave Theory and Techniques, at 1 East 79th Street, New York 21, New 
York. Responsibility for the contents rests upon the authors, and not upon the 
IRE, the Group, or its members. Price per copy: IRE PGMTT members, $2.65; 
IRE members, $3.95, nonmembers, $7.95. Annual subscription price: IRE mem- 
bers, $8.50; colleges and public libraries, $12.75; nonmembers, $17.00. 


Address all manuscripts to K. Tomiyasu, PGMTT Editor, General Electric Micro- 
wave Laboratory, 601 California Ave., Palo Alto, Calif. Submission of three copies 
of manuscripts, including figures, will expedite the review. 


Copyricur © 1958—Tuer Instrrute or Rapio ENGINEERS, INc. 


All rights, including translations, are reserved by the IRE. Requests for republication privi- 
leges should be addressed to the Institute of Radio Engineers, 1 E. 79th St., New York 21, N.Y. 


1958 


660429 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


IRE Transactions 
on 
Microwave Theory and Techniques 


Published by the Professional Group on Microwave Theory and Techniques 


Volume MTT-6 JANUARY, 1958 Number 1] 


TABLE OF CONTENTS 


LORS DCCC ee ee we PE An Fo Pedi Scopes cs letagaeieiat a wos RG cee om oe bes Clarence Lester Hogan 
Fblrewbacerole Modernplechnology meme mrs ce me ieee ee ee ee ae Clarence Lester Hogan 
VNPIRENL Rt le sage 210 wieic oss Eko eee lelGE 6 ethdeede = een nen Oo ca Tore N. Anderson 
CONTRIBUTIONS 

The Status of Microwave Applications of Ferrites and Semiconductors...................-. Benjamin Lax 
Nonreciprocal Electromagnetic Wave Propagation in Ionized Gaseous Media................. L. Goldstein 
ihewmbnrecsIevelqooiG-ctaten Nl asei i. = entre Aais oni seinen: Misch tg ae ae Nig ees ga aiine coal HE. DiScovtl 
Nonmechanical Beam Steering by Scattering from Ferrites..................0 0000-00 e eee M. S. Wheeler 
A Ferrite Boundary-Value Problem in a Rectangular Waveguide............. C. B. Sharpe and D. S. Heim 
Some Techniques of Microwave Generation and Amplification Using Electron Spin States in Solids. ....... 

a ee ree es We Aoi es asvans 24 o Malesilelss BE SOHO GRA D. I. Bolef and P. F. Chester 
AgMicrowave Perite r requency,SepatatOlenc «002M acces + os Se eae Sas wie ee wea oenenels Harold Rapaport 
Ferrite-Loaded, Circularly Polarized Microwave Cavity Filters............ W. L. Whirry and C. E. Nelson 
Resonant eroperties ol Nonrectprocal Ring Circuits. = 22.020. 45 2m oo ees ose Go ee wegen F. J. Tischer 


Exact Solution for a Gyromagnetic Sample and Measurements on a Ferrite...............----0 02 - se eee 


Resonance Measurements on Nickel-Cobalt Ferrites as a Function of Temperature and on Nickel Ferrite- 
Aina tes See ee ee ne 2 SNS Sele Ahi sees J. E. Pippin and C. L. Hogan 


Ferrimagnetic Resonance in Some Polycrystalline Rare Earth Garnets..............--- 2-20 + sees esses ees 
G. P. Rodrigue, J. E. Pippin, W. P. Wolf, and C. L. Hogan 


Reciprocal Ferrite Devices in TEM Mode Transmission Lines..........------. D. Fleri and B. J. Duncan 
Measurement ou bernite lsolationats! 3500 MGs aee ease ea G. S. Heller and G. W. Catuna 
An Electronic Scan Using a Ferrite Aperture Luneberg Lens System..................+---- D. B. Medved 


Round Table Discussion on Design Limitations of Microwave Ferrite Devices.............--.--+++++-+-5 


CORRESPONDENCE 


Note on Impedance Transformations by the Isometric Circle Method..............-.--. E. Folke Bolinder 
On the Pressure Dependence of Microwave Crystal Rectifiers.......--....-. ssssssee0- Wesley G. Matthet 


PGMTT NEWS 


(OR geAriGualeE GI EAM eM eetiie et mn acer hs hice. enchant le ecee ee e  eaE n 
Call for Papers for 1958 PGMTT National Symposium..........-.-- 6-0 sees eee eee eens 
Ugg se bh asl gd > ec en ee eC 
RMosiet of PG M Cie Memborsae ee ores oe ee ee be eee eee eee ete es 


yy 
3 
4 


101 
104 


111 
112 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES January 


Ee 


Clarence Lester Hogan 


Clarence Lester Hogan was born on February 8, 1920, in 
Great Falls, Mont. He received the B.S. degree in chemical 
engineering from Montana State College in 1942. While an 
undergraduate he was elected to Phi Kappa Phi and Tau 
Beta Pi and received two awards: the American Chemical 
Society Award, based on an election by the faculty and student 
body, and given to a junior student showing great promise for 
professional development, and the Montana Society of Engi- 
neers Gold Medal, given to the most outstanding senior in 
the College of Engineering. Among his extra curricular ac- 
tivities were the offices of editor-in-chief of the college publica- 
tion, The Montana Engineer, and vice-president of Kappa 
Sigma. 

Following his graduation from Montana State College he 
was employed for one year as a research engineer at Anaconda 
Copper Mining Company, Great Falls, Mont. He then served 
as an officer in the United States Nayy for three years during 
which time he was officer-in-charge of the acoustic torpedo 
shop at Pearl Harbor for two years. 

Dr. Hogan pursued his graduate studies at Lehigh Uni- 
versity and was awarded the degrees of M.S. and Ph.D. in 
physics in 1947 and 1950, respectively. His major fields of 
study were solid-state and electromagnetic theory, and his 
doctore! dissertation was titled “The Thermal Conductivity 
of Metals at High Temperature.” He became affiliated with 
Sigma Xi in 1948. Dr. Hogan held a full-time instructorship 
in the Physics Department at Lehigh University teaching 
several courses in physics and electronics. 

In 1950, Dr. Hogan became a member of the technical 
staff at Bell Telephone Laboratories, Murray Hill, N. J. 
Thereafter, he became intrigued with the feasibility of a non- 
reciprocal element at microwave frequencies. His logic soon 
led to the combination of electrons immersed in a magnetic 
field and the problem very rapidly centered on that of a 
suitable material. Utilizing his knowledge in physics and 
chemistry, his attention focused on iron oxides in crystalline 
structures and this resulted in the investigation and develop- 
ment of new ferrite materials. 

Dr. Hogan performed experiments which demonstrated 


nonreciprocity at microwave frequencies and carried out a 
theoretical analysis substantiating the experiments. This early 
work, now a classical reference, was published in January, 1952 
in the Bell System Technical Journal under the title, “The 
Ferromagnetic Faraday Effect at Microwave Frequencies and 
Its Applications.” 

In 1953, Dr. Hogan accepted the position of Associate 
Professor of Applied Physics at Harvard University, Cam- 
bridge, Mass., where he has been actively extending the 
knowledge of ferrites. By realizing that the basic limitations in 
the application of ferrites will be due to the material itself, 
Dr. Hogan and his graduate students at Harvard University 
studied new single crystals and rare-earth-element ferrites. 
The investigations contributed to the development of phenom- 
enally low-loss ferrite garnets which greatly lower the opera- 
tional frequencies of ferrite devices. The extent of the sig- 
nificance of Dr. Hogan’s early experiments on nonreciprocity 
cannot yet be predicted. 

Dr. Hogan organized and led the widely acclaimed Sym- 
posium on Microwave Properties and Applications of Ferrites 
which was held at Harvard University on April 2-4, 1956. He 
later edited the October, 1956 issue of the PROCEEDINGS OF 
THE IRE which was a special issue featuring the papers 
presented at this Symposium. 

He has published nine articles, presented twenty-five 
invited seminars and papers, holds two patents, and has 
consulted for six industrial laboratories. He is a member of 
the American Physical Society, Technical Panel on Magnetic 
Materials (Materials Advisory Board for the Department of | 
Defense), Subcommittee on Magnetic Materials (AIEE), 
Second Vice-President of Harvard Engineering Society, 
Conference on Electrical Engineering Education (sponsored 
by National Science Foundation), and the Advisory Council 
of the Department of Electrical Engineering of Princeton 
University. He is also a Senior Member of the Institute of 
Radio Engineers and a member of the Executive Committee 
of the Boston IRE Section. 

In 1957 Dr. Hogan was promoted to Gordon McKay 
Professor of Applied Physics at Harvard University. 
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The Pace of Modern Technology 


In 1946, J. H. E. Griffiths published in Nature the first 
account of an experimental observation of the phenomenon 
of ferromagnetic resonance. Naturally enough this paper 
elicited little interest from electrical engineers, nor did the 
theoretical work of C. Kittel and D. Polder published during 
the next three years which gave a quantitative explanation 
of Griffith’s experiment. Now, however, approximately eight 
years after Polder’s rather complete theoretical paper on 
ferromagnetic resonance this issue of an engineering journal 
is devoted exclusively to the practical ramifications of this 
first experimental observation. Many of the devices referred 
to in this issue are beyond the development stage and are 
already in widespread use in microwave systems. Although 
the delay between research and development and between 
development and production usually seems interminably long 
to those most actively associated with the development of 
engineering devices, it appears, in retrospect at least, that in 
this case the progress has been almost astounding. In fact, it is 
illuminating to go back to the beginning of the electronic era 
and look at the basic experiments which led to the develop- 
ment of the vacuum tube in order to see how our technological 
timetable has been greatly compressed during the last fifty 
years. 

Actually as early as 1725, DuFay discovered that the 
region surrounding a red-hot body was a conductor of elec- 
tricity, but the first definitive experiments which showed 
conclusively that electrons could pass from a hot filament to 
a cold plate were performed by Edison in 1883 (158 years 
after DuFay’s observation). Even so, it was not until 1905 
that Fleming developed the diode and DeForest added a 
third electrode known as the grid in 1907, 24 years after 
Edison’s experiments. If the same timetable were in effect 
today, the first practical engineering device based upon the 
phenomenon of ferromagnetic resonance would not be con- 
structed until sometime after 1968 and this issue of the 
Transactions of the PGMTT could not become a reality 
until most of us had retired from active engineering practice. 

It is not our purpose here to account for the various factors 
which make this progress possible nor to imagine what our 
engineering specialty will be like even twenty years from now 
if this rate of productivity continues to increase. Instead it 


is sufficient merely to point out the tremendously rapid 
transition that has been made from fundamental physical 
research to engineering practice in this particular instance and 
to contend that this example does not represent an isolated 
phenomenon but more nearly describes typical creative 
engineering activity as it exists today. In fact, we sometimes 
find our profession pressing so hard upon the latest results 
of the solid-state physicist that engineering demand is becom- 
ing a common criterion which the experimental physicist uses 
to shape the course of his experiments. A natural result of this 
progress is that we, as engineers, are forced into ever closer 
alliance with physicists and physical research. 

This journal reports the proceedings of a meeting held in 
May, 1957. That meeting covered as completely as possible 
the latest advances in the microwave ferrite art. Now, how- 
ever, approximately six months later, newer and in some 
respects more exciting applications of ferromagnetic resonance 
than those described in this issue have been reduced to 
practice in many laboratories. These newer devices include: 
1) harmonic generators; 2) passive microwave amplitude 
limiters; 3) low-noise microwave amplifiers; and 4) efficient 
microwave detectors which promise to cover all wavelengths 
from a fraction of a millimeter to several centimeters. Some 
of these newer devices are based on the theoretical work of 
H. Suhl which was first published in the October, 1956 issue 
of the PROCEEDINGS OF THE IRE. Most of these new devices 
appear practical because within the last year new materials 
(the ferromagnetic garnets) have been made available to us. 
In addition to their obvious engineering potentialities, these 
materials promise to give a tremendous boom to our funda- 
mental understanding of the properties of ferromagnetic 
materials and thus, perhaps, give us the knowledge needed to 
produce a great myriad of engineering devices which we are 
not able even to conceive of today. 

It appears evident, however, that we are only at the be- 
ginning of a tremendous revolution in high-frequency com- 
munication techniques which has been made possible by 
mankind’s increasing knowledge of the behavior of solid-state 
materials. We are fortunate to be part of a profession that 


allows us to take part in this exciting progress. 
CLARENCE LESTER HOGAN 
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Foreword 


With the tremendous advances being made in the 
microwave ferrite field and solid-state microwave de- 
vices, and with the success of the Harvard Symposium 
in April, 1956, it was felt that further symposia were 
desired on the subject especially at the radio engineers’ 
level. Hence, it was proposed that the Long Island, 
New York, and Northern New Jersey Chapters of the 
PGMTT hold a jointly sponsored meeting on the sub- 
ject during the 1956-1957 season. 

The Northern New Jersey Chapter, under the chair- 
manship of Robert Mac Veety, proposed to the Ad- 
ministrative Committee of the PGMTT that a jointly 
sponsored meeting be held. Because of the interest in 
the subject, it was decided that we should make this 
the subject for the annual meeting of the PGMTT with 
the committee made up of members of the Long Island, 
New York, and Northern New Jersey Chapters of the 
PGMTT. 

It therefore was decided to call this the 1957 Annual 
PGMTT Meeting, and the general plans for this sym- 
posium were formulated at a Steering Committee Meet- 
ing held in October, 1956. Originally it was hoped that 
this symposium might be held in January, 1957, but it 
was felt that this was impossible because of the short 
schedule and the meeting date was changed to May 9th 
and 10th. The general plans were formulated by the 
Steering Committee, composed of the following mem- 
bers: 


T. N. Anderson, Airtron, Inc., Linden, N. J. 

B. J. Duncan, Sperry Gyroscope Co., Great Neck, 
ING OY. 

R. Mac Veety, RMC Associates, Bogota, N. J. 

J. L. Melchor, Microwave Engineering Labs., Palo 
Alto, Calif. 

W. W. Mumford, Bell Telephone Labs., Whippany, 
News 

H. E. D. Scovil, Bell Telephone Labs., Murray Hill, 
Ness 

E. N. Torgow, Microwave Research Institute, Brook- 
fyit,e ley 

S. W. Rosenthal, Microwave Research Institute, 
Brooklyn, N. Y. 

S. Weisbaum, Bell Telephone Labs., Murray Hill, 
ING 

R. D. Wengenroth, Wheeler Labs., Great Neck, N. Y. 


The detail plans and work involved were handled by 
Subcommittees from the Chapters as follows: 


Treasurer—Long Island Chapter 
Karle S. Packard, Airborne Instruments Labs., 
Mineola, N. Y. 
Local Arrangements—New York Chapter 
Moe Wind, Polytechnic Research and Development 
€o., Brooklyn; N; Y: 
Publicity and Organization—Northern New Jersey 
Tore N. Anderson, Airtron, Inc., Linden, N. J. 


Three invited papers were selected to preview the 
state of the art in microwave ferrites, nonreciprocal | 
electromagnetic propagation in ionized gaseous media 
and in solid-state microwave amplifiers. Then from over 
thirty papers received, twenty papers were selected as 
having the most general interest for the purpose of the 
meeting, and sessions were basically divided into: 
1) Material characteristics, 2) theoretical papers show- 
ing basic theory and 3) microwave devices. 

At the end of this session of the symposium a round 
table discussion was held by Dr. C. L. Hogan of Har- 
vard University with the following panel members: 


Dr. H. Seidel, Bell Telephone Labs., Murray Hill, 
Nel: 

Dr. G. S. Heller, M.I.T., Lincoln Lab., Lexington} 
Mass. 

Dr. R. C. LeCraw, Diamond Ordnance Fuze Labs., 
Washington, D. C. 

Dr. J. O. Artman, Harvard University, Cambridge, 
Mass. 

Dr. P. H. Vartanian, Microwave Engineering Labs., 
Palo Alto; Galit. 

Dr. H. J. Carlin, Microwave Research Institute, 
Brooklyn Nee 

Dr. D. L. Fresh, Trans-Tech, Inc., Rockville, Md. 


There was considerable interest in the panel discus- 
sion and recordings of the remarks of the panel mem- 
bers and from the floor were made for publication. 

Thanks are due to all the members of the Steering 
Committee for their guidance and help in planning this 
symposium, and to the Chairmen and Members of the 
Subcommittees. 

We are indebted to the Western Union Company for 
the use of their auditorium at no charge. The annual 
PGMTT award for the best paper published in these 
TRANSACTIONS was announced at a cocktail party and 
dinner held at the Three Crowns Restaurant. 

Tore N. ANDERSON 
Chairman, 1957 Annual PGEMTT Meeting 
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The Status of Microwave Applications of Ferrites 


and Semiconductors* 
BENJAMIN LAXt 


Summary—The recent developments in the field of ferrite de- 
vices are reviewed. Emphasis is placed on the extension of nonrecipro- 
cal devices to lower microwave frequencies and high powers. The 
design considerations and achievements of broad banding also are 
covered. Fundamental principles leading to the applications of non- 
linear properties of ferrites are described briefly. Preliminary ex- 
perimental accomplishments in the construction of frequency dou- 
blers, mixers, and ferromagnetic resonance amplifiers are sum- 
marized. The possible role of the new ferrimagnetic garnet material 
is indicated. Although no significant new semiconductor devices 
have been developed at microwave frequencies, possibilities are con- 
sidered for doing this with use of cyclotron resonance and spin res- 
onance phenomena and their related properties in semiconductors. 


INTRODUCTION 


HIS paper’s object is to review the developments 
ik the application of ferrites at microwave fre- 
quencies during the last two years. The emphasis 

is placed on the improvements of existing devices, their 
extension to lower frequencies, to higher power, and the 
consideration of broad banding these devices. New de- 
velopments, such as the ferromagnetic amplifier and 
nonlinear devices, also are discussed in terms of the 
basic ideas and research which has led to these new 
devices. The four devices which have received a great 
_deal of attention are the ones using the Faraday rota- 
‘tion phenomenon, the nonreciprocal phase shifter in 
rectangular waveguide, the resonance isolator, and the 
field-displacement isolator. The problems taken up in 
regard to these devices are the considerations of the 
principles involved in broad banding and in improving 
performance at lower frequencies and higher power. 
Some of these problems have been reviewed in previous 
articles,'-’ which have shown that one of the most im- 


* Manuscript received by the PGMTT, August 12, 1957. The re- 
search reported in this paper was supported jointly by the U. S. 
Army, Navy, and Air Force under contract with Mass. Inst. Tech., 
Cambridge, Mass. 

¢ Lincoln Lab., M.I.T., Lexington, Mass. 

1C. L. Hogan, “The ferromagnetic Faraday effect at microwave 
frequencies and its applications,” Rev. Mod. Phys., vol. 25, p. 253; 
January, 1953. a 

2 J. H. Rowen, “Ferrites in microwave applications,” Bell Sys. 
Tech. J., vol. 32, p. 1333; November, 1953. ; 

3M. L. Kales, “Propagation of fields through ferrite loaded wave- 
guides,” Proc. Symp. on Modern Advances in Microwave Techniques, 
Polytechnic Inst. of Brooklyn, Brooklyn, N. Y., p. 215; November, 
1954. 
4B. Lax, “Fundamental design principles of ferrite devices,” 
Proc. Symp. on Modern Advances in Microwave Techniques, Poly- 
technic Inst. of Brooklyn, Brooklyn, N. Y., p. 229; November, 1954. 

5 A. G. Fox, S. E. Miller, and M. T. Weiss, “Behavior and appli- 
cations of ferrites in the microwave region,” Bell Sys. Tech. J., vol. 
34, p. 5; January, 1955. - : 

6C. L. Hogan, “The elements of nonreciprocal microwave de- 
vices,” Proc. IRE, vol. 44, pp. 1345-1368; October, 1956. ; 

7 B. Lax, “Frequency and loss characteristics of microwave ferrite 
devices,” Proc. IRE, vol. 44, pp. 1368-1386; October, 1956. 

8 P, J. B. Clarricoats, A. G. Hayes, and A. &. Harvey, “A survey 
of the theory and applications of ferrites at microwave frequencies, 
Proc. IEE, vol. 104 B, p. 267; October, 1956. 


portant problems associated with achieving these ob- 
jectives is the magnetic losses in the ferrite. 

One contribution is the low-field loss in the ferrite 
when it is in the unmagnetized state. This arises from 
the existence of internal fields consisting of the effective 
anisotropy field and the magnetic field induced inside 
the ferrite by the magnetic charges created on the 
domain walls by the rf field. 

The second type of magnetic loss is that associated 
with ferromagnetic resonance in the ferrite when it is in 
the magnetized state. One way to minimize the low- 
field loss has been offered by the synthesis of diluted 
ferrites with low magnetization® and low anisotropy 
fields. The residual loss then is negligible in the partially 
magnetized state, the usual one employed in operating 
ferrite devices with applied dc magnetic fields below 
resonance. Another solution for avoiding the low-field 
loss, suggested by R. H. Fox,!® is the operation of the 
ferrite in a completely magnetized state with larger dc 
fields above resonance. This particular scheme has been 
employed recently by Stern" to build a high-power 
phase shifter at S band. 

The low-frequency limit of the four classes of devices, 
however, has been determined primarily by the losses 
attributed to the ferromagnetic resonance phenomenon 
in ferrites.’:? As is indicated later, the important factor 
which describes the loss at a given frequency is the 
resonance line width of the ferrite. It is important that 
the line width be made as narrow as possible in order to 
reduce the loss associated with ferromagnetic resonance. 
Considerable effort has been made to develop ferrites 
which have narrow resonance lines. The most successful 
results have been achieved with a new ferrimagnetic 
material called the yttrium-iron garnet. The synthesis of 
this material has been reported by Bertaut and Forrat® 
and by Geller and Gilleo.* The microwave properties 
of single crystals of this material have been measured 


9 L. G. Van Uitert, J. P. Shafer, and C. L. Hogan, “Low-loss fer- 
rites for applications at 4000 megacycles per second,” J. Appl. 
Phys., vol. 25, p. 925; July, 1954. . ; 

L. G. Van Uitert, “Low magnetic saturation ferrites for micro- 
wave applications,” J. Appl. Phys., vol. 26, p. 1289; November, 
1955. 
10 R. H. Fox, “Extension of nonreciprocal ferrite devices to the 
500-3000 megacycle frequency range,” J. Appl. Phys., vol. 26, p. 
128; January, 1955. rhe. 

u —, Stern, private communication. : 

12 B, Lax, “A figure of merit for microwave ferrites at low and 
high frequencies,” J. Appl. Phys., vol. 26, p. 919; July, 1955. _ 

13 F, Bertaut and F. Forrat, “Structure des ferrites ferrimag- 
netiques des terres rares,” Compt. Rend., vol. 242, p. 382; 1950-55 

F. Bertaut and R. Pauthenet, “Crystalline structure and magnetic 
properties of ferrites having the general formula 5Fe20; 3M;0;,” Proc. 
IEE, vol. 104 B, p. 261; October, 1956. ; ; 

4S. Geller and M. A. Gilleo, “Structure and ferrimagnetism of 
yttrium and rare earth-iron garnets,” Acta Cryst., to be published. 
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by Dillon and more recently by others. The magnetic 
properties and crystal structure of this class of ferrimag- 
netics have been discussed by Bertaut and Pauthenet.” 
The yttrium garnet, which is the first of a series of such 
materials, is given by 


Fe.3+ Y33+(Fe*+0,) 3. 
This formula can be rewritten as 
t 7 
BoL3 (A Oa)s 


where A and B are the two different types of lattice 
sites for the magnetic ions and L represents the large 
rare-earth ions such as yttrium, gadolinium, etc. The 
arrows above the A and B ions indicate that the mag- 
netic moments of the two sets of spins are oriented op- 
positely as in the ferrite which gives rise to a net mag- 
netization, 4rM,~1700 Gauss. This means that the 
residual loss in the unmagnetized state in this material 
has an upper frequency limit of about 5000 mc. The 
garnet also has a very high resistivity of the order of 
10° ohm-cm. As Dillon reported, the anisotropy of this 
material at room temperature from the microwave 
resonance measurements on a single crystal is approxi- 
mately 90 oersteds, or about half that of the ferrites. 
This is another advantage of this material since it 
further minimizes the residual loss in the unmagnetized 
state and also is partly responsible for the narrow 
resonance line in polycrystalline material. The latter 
has been reported to be as low as 50 oersteds when the 
garnet is made fairly dense. Finally, some single crystals 
of yttrium garnet have a very narrow resonance line 
(below 10 oersteds) at room temperature. Unlike the 
diluted ferrites, the yttrium garnet, with its smaller 
resonance line width and anisotropy, has a reasonably 
high Curie temperature of about 300°C. 


NONRECIPROCAL DEVICES 
The Faraday Rotator 


Consider the effect on the Faraday rotator of the 
development of these new materials which possess nar- 
rower resonance lines. The resonance loss parameter 
enters in the following manner. An idealized limit for 


the figure of merit F from perturbation theory can be 
written as??? 


6 
F Fi wT = ’ (1) 
where F is the ratio of 6, the angle of rotation, to a, the 
attenuation, and is approximately equal to w, the 
angular frequency, times JT, the phenomenological 
relaxation time associated with the precessional motion 
of the dipole. H, is the internal field required for 
resonance at the frequency w, and AH is the width of 


% J. F. Dillon, Jr., “Ferrimagnetic resonance in yttri i 
garnet,” Phys. Rev., vol. 105, p. 759; January 15, 1957. images 
i Cc. P, Rodrique, J. E. Pippen, W. P. Wolf, and C. L. Hogan 

Ferrimagnetic resonance in some polycrystalline rare earth gar- 
nets,” this issue, p. 83. 


ABSORPTION LOSS (db) 


January 


the resonance line at the half-power point. The relation 
of (1) indicates that for a given frequency, which fixes 
H,, the figure of merit improves as AIT decreases. Con- 
versely, if the figure of merit is fixed by the system re- 
quirements, then one can go to lower and lower fre- 
quencies as AH becomes smaller. Considering the prop- 
erties of the garnet, AH ~50 oersteds for polycrystalline 
material, the lower frequency limit for the Faraday 
rotator becomes approximately 1000 mc. If one could 
obtain single crystals of this material of sufficiently large 
size, then in principle, the low-frequency limit could be 
extended down to approximately 200 mc if one assumes 
AH ~10 oersteds. Of course, this presupposes the ap- 
propriate design considerations which avoid dimen- 
sional and other effects observed with single crystal 
material of required sizes. 


H= 480 oe. POS. CIR. POL. WAVE aoe 


PEAK POWER INPUT (kw) 


Fig. 1—The absorption loss in a cylindrical waveguide containing a 
ferrite rod as a function of peak input power for three different 
diameters of the ferrite rod. The upper figure shows that the ab- 
sorption of the negative circularly polarized wave increases non- 


linearly when the rod diameter is increased. (After Sakiotis, © 


Chait, and Kales.) 


The high-power problems in Faraday rotation devices 
have not been investigated extensively. However, 
Sakiotis, Chait, and Kales!® have investigated nonlinear 
effects in circular waveguide as shown in Fig. 1. The 
absorption loss increases as a function of peak input 
power and also becomes larger as the diameter of the 
ferrite increases. The effect is highly pronounced for the 
negative circularly polarized wave. It has been demon- 
strated experimentally by Melchor, Ayres, and Var- 
tanian” that under these conditions the microwave 
energy is concentrated inside the ferrite for this polariza- 
tion, resulting in large rf fields inside the ferrite. This 
situation is analogous to that obtained in ferrite spheres 
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in cavities by Damon! and by Bloembergen and 
Wang;’® the large losses in these nonlinear effects are 
associated with instabilities as proposed by Suhl.19 

A number of schemes has been proposed for broad 
banding the Faraday rotator. One such scheme, that of 
surrounding the ferrite rod with a dielectric sleeve, was 
proposed by Rowen” and applied by Ohm”? to develop 
a broad-band microwave circulator. The effect of such 
a dielectric sleeve can be seen readily from the results 
of the perturbation formula which states that the 
Faraday rotation’? 


(1.84)2 
€uo — 
: wR? 


Ve 


(2) 


where 6 is the angular frequency of the rf field, R is the 
radius of the guide, e is the dielectric constant of the 
medium surrounding the ferrite, and po is the permeabil- 
ity of free space. As one increases the dielectric constant, 
the term containing the frequency becomes relatively 
smaller, making @ less frequency dependent. Perhaps the 
‘best scheme for broad banding the Faraday rotator is 
that suggested by Chait and reported in Kales’ review 
article? in which he used ridged circular waveguide 
with a ferrite rod down the center. The experiment 
shows that in the normal waveguide the Faraday rota- 
tion increases with frequency, which is also evident 
from (2). Evidently, the frequency characteristics of 
the ridged waveguide compensate for the frequency 
variation of the Faraday rotation from 8000 to 10,000 
smc. Melchor and Vartanian* and later Wantuch® com- 
bined both of these schemes using a dielectric sleeve and 
a ridged waveguide to give a Faraday rotation of 90°+1 
per cent from 8.5 to 9.6 kmc. Another very interesting 
technique for broad banding Faraday rotation devices 
has been developed by Vartanian, Melchor, and Ayres; 
this also uses a quadruply ridged circular waveguide and 
two stagger-tuned Faraday rotators in tandem. The 
first of these gives a 45° rotation at 9.5 kmc and the 
second, 45° rotation at 12 kmc, as determined by the 
applied field to each section. This structure was used 
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Fig. 2—The reverse and forward attenuation as a function of fre- 
quency in a Faraday rotation type isolator which has been broad 
banded by using both the quadruply ridged circular guide and 
also two stagger-tuned sections. The two sections were tuned to 


9.5 and 12 kme, respectively. (After Vartanian, Melchor, and 
Ayres.) 


for an isolator, the characteristics of which are shown 
in Fig. 2. It provides greater than 30-db isolation from 
8.2 to 13 kmce with less than 2-db insertion loss. 


Rectangular Waveguide Phase Shifter 


Some of the considerations discussed for the Faraday 
rotator apply also to the rectangular waveguide phase 
shifter. The low-frequency limit, when analyzed quan- 
titatively from the perturbation theory as the ratio of 
differential phase shift to the total loss, becomes the 
same numerically as that of the Faraday rotator. Simi- 
larly, the high-power considerations as studied by 
Sakiotis, Chait, and Kales!® show curves similar to those 
of Fig. 1 in which the nonlinear losses increase with 
high power and the thickness of the ferrite slabs used. 
This phenomenon again is associated with the ferrite 
dielectric modes, which tend to concentrate the electro- 
magnetic energy in the ferrite slab for one direction of 
propagation. 

Several schemes have been proposed for broad band- 
ing the phase shifter. The first of these is that suggested 
by Fox‘ in which he studied the differential phase shift 
as a function of the position of the ferrite slab for differ- 
ent frequencies. He showed that the minimum frequency 
variation would not occur at the position where the 
differential phase shift was a maximum. Recently, this 
work has been extended by Van Wolfe and co-workers?’ 
who optimized this technique. Fig. 3 shows the results 
of their work for the differential phase shift as a func- 
tion of frequency for different values of position of the 
ferrite slab in the waveguide. It can be seen that an ex- 
tremely small variation of differential phase shift of 
about 24 per cent is obtained from 8.2 to 10 kmc when 
the slab is located 0.150 inch from the wall. Another 
method proposed by Weisbaum and Boyet*® uses a 
ferrite slab on each side of the guide, magnetized in the 


27 R. Van Wolfe, C. J. Cacheris, and C. Morrison, “Vhe Broad- 
banding of Microwave Nonreciprocal Ferrite Phase Shifters,” Dia- 
mond Ordnance Fuze Labs., Washington, D. C., Rep. No. TR-348; 
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Fig. 3—The differential phase shift as a function of frequency for a 
transversely magnetized ferrite slab in a rectangular waveguide 
with the distance, d, between the slab and the waveguide wall as 
a parameter. For a slab 0.075 inch thick placed 0.150 inch from 
the wall in X-band guide, the differential phase shift is constant 
within 2.5 per cent over the band. (After Van Wolfe, Cacheris, 
and Morrison.) 


same direction but having different dimensions or mag- 
netic properties. In this case the phase-shift frequency 
dependences of the two ferrites compensate one another. 
However, the total differential phase shift is the differ- 
ence between that of the two ferrites. One can improve 
on this by operating one of the ferrites above resonance 
and the other below resonance by using a suitable geo- 
metric configuration. In this way, the differential phase 
shifts of the two ferrites are added and again the fre- 
quency variation would compensate. A simple and effec- 
tive scheme used by Wantuch® consists of a ferrite slab 
and an adjacent dielectric slab, both occupying the full 
height of the waveguide. As pointed out by Vartanian, 
Melchor, and Ayres,?* who use a similar method for a 
resonance isolator, one of the objectives of using the 
dielectric is to generate the appropriate elliptical polari- 
zation in the region of the ferrite slab adjacent to the 
dielectric so that the internal field in the ferrite is es- 
sentially circularly polarized. The dielectric also mini- 
mizes the traversal of the point of circular polarization 
across the waveguide as a function of frequency. The 
dielectric loading also minimizes the perturbation in the 
waveguide due to the presence of the ferrite and reduces 
the concentration of energy in the ferrite. The optimum 
position of the slab was determined experimentally , 
resulting in a 25 per cent bandwidth. The result ob- 
tained by dielectric loading of the rectangular wave- 
guide is analogous to that discussed for the Faraday 
rotator. From the perturbation theory of (2), it was 
shown that the effect of the dielectric is to broad band 
the waveguide and to reduce the frequency dependence 
of the Faraday rotation. Similar arguments show that 
the same situation is achieved here because, in essence, 
a dielectric lowers the frequency cutoff of the waveguide 
and minimizes the shift of the circular polarization of 
waveguide as a function of frequency. This type of 
phase shifter, using dielectric loading in rectangular 
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waveguide, has been used in a circulator,” which con- 
tains two phase shifters between a hybrid-tee junction 
at one end and a 3-db directional coupler at the other 
end. The surprising situation is that the ferrite com- 
ponent does not limit the bandwidth of this device but 
instead the limitation is imposed by the hybrid tee to 
give a 12 per cent bandwidth in the 9000 mc range with 
30-db isolation over the band. This circulator is capable 
of handling relatively high power of the order of 600 
watts average and 600-kw peak. 


Resonance Isolators 


The resonance isolator has proved to be the most 
widely used ferrite device at microwave frequencies. In 
terms of achieving the three objectives of low frequency, 
high power, and broad bandwidth, the resonance isola- 
tor by far is the most successful. First consider the low- 
frequency problem. In the absence of an exact theory, 
which is difficult to calculate even for simple geometries, 
it has been necessary again to resort to the perturbation 
theory for calculating a theoretical limit for the figure 
of merit.” In this case this is given by the reverse-to- 
forward loss on resonance or the ratio of the attenuation 
constant for the negative and positive circularly 
polarized waves corresponding to the two directions of 


propagation: 
a) 
AH } © 


Again wT, or its equivalent in terms of the resonance line 
width at the half-power point, determines the lower- 
frequency limit. To date it has been possible to build 
this particular type of device at frequencies as low as 
1300 mc.?® With the presently available ferrite mate- 
rials, Heller*® also has built an isolator using trough 
waveguide in the uhf region (~900 mc) with better 
than 30 to 1 reverse-to-forward ratio of attenuation. 

A number of new techniques has made it possible 
to improve the figure of merit of the resonance isolator 
so it approaches the values predicted theoretically. One 
of the important developments is the dielectric loading 
introduced by Weiss,*! who used the scheme of placing 
a dielectric material adjacent to the ferrite slab, prefer- 
ably on the inner side. For the E-plane isolator in which 
the long transverse dimension of the ferrite slab is 
parallel to the electric field in the waveguide, Weiss was 
able to increase the reverse-to-forward ratio of attenua- 
tion from 60 to 1 without the dielectric to about 120 to 1 
with the dielectric. Fig. 4 shows the reverse and forward 
loss as a function of magnetic field for an H-plane 
resonance isolator with and without dielectric loading. 
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' Fig. 4—Experimental curves of the reverse and forward attenuation 
for a transversly magnetized H-plane ferrite resonance isolator as 
a function of applied magnetic field. The dashed lines were ob- 
tained at a frequency of 10.5 kmc with a flat slab of ferrite placed 
against the top and bottom walls of X-band waveguide. The solid 
lines were obtained when dielectric material was placed adjacent 
to the ferrites as shown in the inset. (From the data of Weiss.) 


This time the reverse-to-forward ratio is increased from 
about 75 to 1 to 150 to 1. This is somewhat better than 
the E-plane isolator, and one can show from simple 
reasoning and the analysis of circular polarization in the 
ferrite and waveguide that this geometry is somewhat 
more favorable since the position of circular polariza- 
tion inside the ferrite coincides with that in the wave- 
guide. The importance of dielectric loading and its effect 
in improving the performance has been demonstrated 
by Heller?* in the development of an isolator at 1300 mc, 
in which he showed progressive improvement in the 
figure of merit as he went from partial dielectric loading 
to a ferrite surrounded by a dielectric. 

The progress made in the development of high-power 
isolators also has been impressive. Wantuch” has built 
an H-plane isolator at about 2800 mc in which four 
ferrite slabs are located appropriately, two at the bot- 
tom, two at the top of the guide on either side of the 
center. These are surrounded with dielectric in a manner 
similar to that of Heller’s isolator. The de magnetic field 
is applied in the opposite sense to the ferrites on the 
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left- and right-hand side of the guide. This scheme pro- 
vides a compact device which reduces the length of the 
ferrites to about eight inches. Furthermore, this H-plane 
configuration gives maximum efficiency for heat transfer 
from the ferrite to the water-cooled wall-of the wave- 
guide. One of the considerations in building a high- 
power isolator is making the thickness of the ferrite of, 
the order of a skin depth on resonance which is 


nN 2 
6= <4/ 
Dy, eway L 


in cgs units. For a ferrite having a saturation magnetiza- 
tion of 2000 Gauss, such as Ferramic R—1, the skin 
depth on resonance at S band is about 1 to 2 mm which 
turns out to be close to the thickness actually used. This 
particular unit is capable of handling 4000 watts average 
power and providing 12-db isolation at this level and a 
reverse-to-forward ratio of almost 50. The insertion loss 
is g db. This low insertion loss is particularly desirable 
at these high-power levels. 

Several procedures have been proposed for broad 
banding the resonance isolators. One method, used by 
Weiss,*! consisted of two ferrites, one above the other, 
both magnetized in the same direction and with ap- 
propriate dielectric loading. Since the saturation mag- 
netization of the two ferrites differed, the internal fields 
for the two slabs were unequal resulting in resonance at 
10.7 and 11.4 kmc. This combines effectively two 
resonance isolators which have peak absorption at two 
frequencies, resulting in the broadening of the reverse- 
to-forward ratio of better than 40 to 1 over a 10 per cent 
frequency range. Of course, this scheme has reduced the 
maximum possible value of R. Such a result is consistent 
with an approximate relation that RAf~constant, 
where R is the average reverse-to-forward ratio over the 
frequency range Af. Thus, in principle, another way of 
broad banding the resonance isolator, particularly at 
high frequency, is to select a ferrite with a broad 
resonance line. Vartanian, Melchor, and Ayres** have 
used dielectric loading adjacent to a thin ferrite slab 
placed in the Z plane of a rectangular waveguide which, 
for the reasons discussed for the phase shifter, resulted 
in broad banding the characteristics of the waveguide 
and of course the resonance isolator. They obtained 
better than 25 to 1 reverse-to-forward ratio over a band 
from 8 to 12.5 kmc and, in an S-band isolator, better 
than 12 to 1 from 2.4 to 4 kmc. Fig. 5 shows results ob- 
tained when the two schemes of dielectric loading and 
stagger tuning are combined.*,* This isolator employed 
two permanent magnets, in tandem, so that the mag- 
netic field applied to two regions of the ferrite differed, 
providing two resonance frequencies corresponding to 
the peaks at about 9 and 12 kmc. Experimental location 
of ferrite and dielectric resulted in 40 per cent band- 
width with a reverse-to-forward ratio greater than 43. 

Perhaps one of the most significant recent develop- 
ments in nonreciprocal devices is the resonance isolator 
in coaxial waveguide developed by Duncan and co- 
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Fiz. 5—Experimental curves of the reverse and forward attenuation 
and reverse-to-forward ratio as a function of frequency for a fer- 
rite resonance isolator. The 40 per cent bandwidth has been 
achieved by using both dielectric loading and stagger tuning. The 
two isolators in series were tuned to approximately 9 and 12 
kmce, respectively, by applying different external magnetic fields. 
(From the data of Wantuch.) 


workers.*? This device consists essentially of a transition 
from an air-filled coaxial line to one which is dielec- 
trically loaded as shown in Fig. 6. In such a device, by 
proper selection of parameters, one can fill a portion of 
the waveguide with a dielectric which essentially con- 
verts the TEM mode to a quasi-TE mode in which 
there is no longer any angular symmetry of the fields. 
Consequently, for the configuration shown, there are 
two positions of circular polarization of the internal 
rf field in the ferrite at the dielectric interface. If a 
transverse magnetic field is applied, a coaxial resonance 
isolator is possible. This is shown by the attenuation 
curves for the positive and negative waves shown in 
Fig. 6. Using this basic idea, Duncan, et al were able to 
build a coaxial isolator with more than 10.5-db isolation 
over the 2- to 4-kmc band with a forward loss of less 
than 0.8 db. In addition to broad banding, the coaxial 
configuration has permitted the construction of very 
compact devices (~four inches long) at this frequency. 
Obviously, this new development also offers possibilities 
of other nonreciprocal devices, such as phase shifters in 
coaxial geometry. A theory of such a device has been 
discussed by Sucher and Carlin? and also has been 
considered by the group at Lincoln Laboratory. 


The Field-Displacement Isolator 


The field-displacement isolator is essentially a low- 
power device which was first discussed by Fox, Miller 
3 ’ ’ 

and Weiss.® In order to understand the operation of this 
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Fig. 6—Attenuation of the positive and negative wave in the S-band 
coaxial waveguide resonance isolator. The TEM mode of the 
4-inch coaxial line has been distorted by half filling the line with 
the material having a dielectric constant of six. The two small 
transversly magnetized ferrite rods then provide the nonrecip- 
rocal resonant elements. (After Duncan, Swern, Tomiyasu, and 
Hannwacker.) 


type of device, two types of configurations have been 
considered theoretically. One of these is the ferrite slab 
against the waveguide wall, which the author and 
Button* analyzed in detail, giving a theoretical descrip- 
tion of the TE modes in this structure. Button and I 
predicted nonreciprocal modes, one of which had a field. 
concentrated in the ferrite we described as a ferrite 
“dielectric mode.” The general features of this theoreti- 
cal analysis have been confirmed experimentally by 
Straus and Heller® for the thick slab against the wall 
as shown in Fig. 7. They used an electric field probe 
which traversed across the width of the guide and meas- 
ured the relative rf electric field intensity as a function 
of position from the far wall of the guide to the ferrite 
interface. In the forward direction of propagation for 
external field intensities of 1000 and 2000 oersteds, they 
clearly demonstrated the existence of the ferrite “di- 
electric modes.” In the reverse direction of propagation, 
the electromagnetic field was concentrated in the empty 
portion of the guide in accordance with the theory. At 
f=3000 oersteds for the forward direction, there is a 
departure from the dielectric mode, and the field be- 
comes less concentrated in the ferrite as one approaches 
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Fig. 7—The experimental electric field configurations in a rectangular 
waveguide containing a transversly magnetized ferrite slab 
against the side wall. For an externally applied field of 2000 
oersteds at X-band (center figure), the energy is transmitted al- 
most entirely in the ferrite dielectric mode in the forward direc- 
tion. In the reverse direction, only the distorted waveguide mode 
exists. (After Straus and Heller.) 


resonance. This behavior has been demonstrated 
theoretically by Button. 

In analyzing this type of device, the particular electric 
field configuration used in the literature to explain the 
principles is that shown in Fig. 8, where a thin ferrite 
slab is displaced from the wall. The electromagnetic 
fields for this also have been worked out theoretically*” 
_ and one can show that the null exists for the £ field for 
* one direction of propagation.*® Weisbaum and Seidel*® 
carried out their analysis based on this configuration, 
but their actual device contained a thick slab of ferrite 
nearly against the wall. Although the analysis used for 
Fig. 8 predicts the use of a negative effective permeabil- 
ity for the ferrite, the actual experimental devices use 
the ferrite in a state of positive effective permeability. 
Button,®® analyzing this particular case by using the 
experimental parameters of Weisbaum and Seidel, has 
shown that the mode configurations for this case are 
not those of Fig. 8 but, for one direction, involve a 
“dielectric” mode whose detailed structure has not yet 
been presented in the literature. The important feature 
of such a “dielectric” mode is that for one direction of 
propagation the energy concentration is large within the 
ferrite and for the other direction it is small. The experi- 
mental results of Weisbaum and Seidel definitely in- 
volve the existence of two nonreciprocal modes whose 
field displacement characteristics differ, but their paper 
does not indicate the nature of the field patterns. Never- 
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Fig. 8—Theoretical model of the electric field configurations in a 
ferrite-loaded guide to demonstrate nonreciprocal field displace- 
ment. (After Lax, Button, and Roth.) 
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Fig. 9—Experimental curves of the reverse and forward loss as a 
function of frequency for the single-slab field-displacement iso- 
lator. (After Weisbaum and Seidel.) 


theless, using the empirical approach, they have built 
such an isolator with a resistance strip or coating across 
the face of the ferrite whose performance characteristics 
are shown in Fig. 9. The device operated over the fre- 
quency range 5900 to 6400 mc with a reverse-to-forward 
ratio of attenuation of about 150 to 1 which is better 
than that achieved by the resonance isolator at this 
frequency. Weisbaum and Boyet* built a field displace- 
ment isolator with two ferrite slabs, one on each side 
of the guide, which were magnetized in the opposite 
sense. This device had a reverse-to-forward ratio of 70 
to 1 from 10.8 to 11.6 kmc and a very low vswr. 

A number of other ferrite devices has been developed 
during the past three years which, although noteworthy, 
cannot be discussed in detail in this review. The reso- 
nance isolator in helical lines was proposed by Cook, 
Kompfner, and Suhl! and further developed by Rich 
and Webber and also by Enander® for use in traveling- 
wave tubes and related devices. It is not surprising 
that a phase shifter in a helical line also was developed 
eventually. A directional coupler using a ferrite was 
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suggested by Damon* and more recently investigated 
by Berk and Strumwasser.“4 The use of ferrites in 
cavities for tuning has been treated by Jones, Cacheris, 
and Morrison,* Fay,‘* Nelson,‘7 and Burgess,‘* and has 
been investigated theoretically by Heller and Camp- 
bell4® and Bussey and Steinert®® for TM modes in a 
circular cavity containing a cylindrical ferrite rod. The 
use of ferrites as radiating elements at the end of a 
waveguide has been discussed by Angelakos and Kor- 
man,®*! and ferrites in the form of radiating rods have 
been described by Reggia, Spencer, Hatcher, and Tomp- 
kins. The application of the birefringent properties of 
ferrites was proposed by Weiss and Fox® and has been 
applied by Karayianis and Cacheris.** The single-side- 
band modulator has been developed for several applica- 
tions by Cacheris,® and switching applications have 
been discussed by Le Craw.** In addition to these, it is 
important to mention the significant contributions of 
Seidel’? in analyzing the anomalous propagation in 
ferrite-loaded waveguides and their significance in de- 
veloping new devices and explaining experimentally ob- 
served anomalies in existing nonreciprocal components. 
The possibility of nonreciprocal effects in N-wire trans- 
mission lines has been demonstrated theoretically by 
Boyet and Seidel.®® Also, attention should be called to 
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the recent reports of Harvey*®® and of Laverick and 
Rivett-Carnac® describing the extension and develop- 
ment of ferrite devices to the millimeter wave region. 


NONLINEAR FERRITE DEVICES 
Frequency Doublers and Mixers 


One of the most interesting developments that 
promises to provide a new class of devices involving the 
use of ferrites and related ferrimagnetic materials de- 
pends on the nonlinear behavior of the spin system 
under the action of high rf power. The first of these de- 
velopments was reported by Melchor, Ayers, and 
Vartanian,®-® who used the ferrite in a waveguide asa 
frequency doubler to generate power at harmonic fre- 
quencies. The phenomenon can be analyzed from the 
equation of motion of the magnetization vector. This is 
given in the familiar form 


— 
dM > => 
—— — y( Mx (5) 
dt 
— => 

where & is the total magnetization, H is the total mag- 
netic field, and y is the gyromagnetic ratio. The total 
field consists of a dc field and an rf field which can be 
represented as 


— = == 
H = Hy + he", (6) 


If the magnetization is written out in a Fourier expan- 
sion in the following manner 

a — — —= 

M = Mo + myer + myeriat (7) 
is 
where Mo, the dc component of the magnetization is 
along the direction of the applied de field, m, and m, 
may be determined by substitution of (6) and (7) into 
(5S) and equating terms with the same time dependence. 
If the resulting equation is linearized no longer, as is 
usually done in the small-signal theory, then it can be 


shown that a component of second order along the zg 
direction is given by 


(m2). = y(mzhy — m,hz) (8) 


where h, and h, are the internal rf magnetic fields within 
the ferrite in a plane transverse to the dc magnetic field. 
Obviously, if the rf field is circularly polarized and the 
first-order magnetization components induced are also 
circularly polarized, there is no time-dependent z com- 
ponent of the magnetization. However, if either h, or 
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hy are zero, 1.e., the transverse rf field is linearly po- 
larized, then there is a second-order component of m, 
which represents the nutational component of the pre- 
cession at twice the frequency of the applied rf field. 
One can solve this particular problem directly. How- 
ever, the expansion scheme used demonstrates the fre- 
quency doubling phenomenon rather simply. Further- 
more, more complicated situations can be analyzed and 
interpreted physically by this scheme. Pippin® has 
shown that one can obtain frequency mixing in a man- 
ner analogous to the frequency doubling. He used two 
transverse components of the rf field of different fre- 
quencies and the nutational component along the z 
direction can contain either the sum or the difference 
frequencies. This situation has been analyzed in detail 
by Stern and Pershan® for both the frequency doubler 
and the ferrite mixer. They also carried out an experi- 
ment in which they demonstrated the mixing phenome- 
non. At relatively low power levels, of the order of 
milliwatts, they obtained a conversion factor of about 
— 30 db. It is very likely one can obtain greater effi- 
ciency at higher power levels. This was precisely the 
situation achieved by Melchor, Ayres, and Vartanian,® 
who went up to levels of about 30 kw and obtained a 
conversion efficiency of about —6 db as indicated in 
Fig. 10. They carried out their experiments at a peak 
power level of 30 kw at 9 kmc and obtained 8-kw output 
at 18 kmc. 


Ferromagnetic Resonance Amplifier 


A relatively new device proposed by Suhl® is a ferro- 
magnetic resonance amplifer based on two classes of 
phenomena in ferrites recently investigated." The 
first of these involves the theoretical interpretation®’ of 
the observed behavior of ferrites at high powers as in- 
vestigated by Damon'® and Bloembergen and Wang.’ 
They observed that the susceptibility at high powers 
was reduced as the power was increased and, concur- 
rently, that the line width became broader as a function 
of power, indicating an increased loss. They also ob- 
served a secondary absorption peak below resonance at 
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Fig. 10—Conversion efficiency for frequency doubling from 9 to 18 
kme as a function of input power level. These data were taken for 
a transversly magnetized half disk of ferrite against the side wall 
of a rectangular waveguide. (After Melchor, Ayres, and Var- 
tanian.) 


high powers. Actually, the onset of these effects occurred 
at relatively low or intermediate power levels, and they 
are closely related to the effects observed in a wave- 
guide by Sakiotis, Chait, and Kales.* The interpreta- 
tion of these phenomena was given by Suhl, who showed 
that the onset can occur at these intermediate power 
levels because of the existence there of an instability of 
the nonlinear behavior of ferrites. Suhl®? also has shown 
that this instability can be represented very simply fora 
flat disk by the solution of the zg component of the mag- 
netization given approximately by 


M, 2 hrf 
Mo [w — y(A — N.M,))? + 1/T? 


where M, is the total magnetization which is equal to 
M, in the absence of an rf signal, V.M, is the demag- 
netizing field in the z direction, and T is a phenome- 
nological relaxation time inversely proportional to the 
line width. It can be shown from (9) that, below 
resonance, when the rf power increases, the precessional 
angle of the magnetization increases, thus decreasing 
M,, the component of the magnetization along the 
direction of the dc magnetic feld. This makes Herr =H 
—N,M, larger since the demagnetizing term is smaller, 
reducing the magnitude of the term in the brackets. 
Hence, one can see from (9) that M, on the left-hand 
side is reduced further. In this way, the effective field is 
brought even closer to resonance. There is a critical 
value of the rf field which leads to feedback or an in- 
stability of this type. Basically, this phenomenon is 
responsible for the rapid development of these nonlinear 
effects at intermediate power levels. As a matter of fact, 
Suhl has shown®’ that the critical field for this condition 


is given by 


=~ 
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Such a condition can also exist when the ferrite sample 
is spherical and involves the existence of spin waves. 
Since that subject is beyond the scope of this paper, it 
is sufficient to give the final result for the sphere. The 
expression for /crit is similar to (10) except that the 
factor 3 is replaced by the number 2 in the formula for 
the critical field for the onset of instability. The sig- 
nificance of this work is that values of the critical field 
herit~ 8 oersteds are obtained for a ferrite resonance line 
width of 50 Gauss. Obviously, the critical value becomes 
lower as the line width decreases. Suhl’s analysis also 
brought out that the susceptibility of a subsidiary ab- 
sorption peak below the main resonance increased 
rapidly above the threshold rf field to a maximum sus- 
ceptibility and subsequently decreased with increasing 
power. The physical origin of the increased line width 
with high power above the threshold has to do with the 
transfer of energy from the usual uniform precessional 
mode to spin waves whose frequencies are degenerate 
with the resonant frequency of the particular geometry 
associated with the uniform precession. 

Another phenomenon which must be considered in 
this ferromagnetic amplifier and which also is related 
to the spin waves of a low wave number is that dis- 
covered by White and Solt® and also investigated ex- 
perimentally by Dillon,” namely, the existence of non- 
uniform precessional modes in a ferrite body of finite 
size. Fig. 11 shows some of the original results of White 
and Solt, in which they placed a ferrite sphere in a 
cavity where the rf magnetic field is not uniform. Under 
these circumstances, one obtains resonance in the fer- 
rites containing a number of peaks in addition to the 
main peak. The figure shows four, although Dillon has 
obtained many more in his experiments. The explana- 
tion is seen in the following: there is a spatial distribu- 
tion of the precessional phase of the spins in the sphere, 
such that the magnetic dipoles set up on the surface 
result in a demagnetization in which there is an azi- 
muthal and a polar distribution as well as a radial 
distribution in the spins. These were analyzed by 
Mercereau and Feynman” and more completely by 
Walker.7° 

Suhl has propesed that one can use these magneto- 
static modes and the nonlinear properties of the ferrites 
to build an amplifier in one of three ways. The first one 
involves the coupling of two nonuniform modes of 
operation of the ferrite through the uniform precession 
or the lowest mode of precession of the spins in the 
ferrite. This requires the condition a1-+W2=w, where w, 
is the frequency of one of the nonuniform or magneto- 
static modes, w» is another, and w is the operating fre- 
quency of the uniform precession. The magneto- 
static modes are confined to the range of frequencies 
y(H—4rM) to y(H+27M). This particular system 
may have some difficulties because of the type’ of in- 
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Fig. 11—Multiple ferromagnetic resonances in a single crystal of 
manganese-zinc ferrite due to nonuniform precessional modes. 
The ferrite sphere was placed in a cavity in a position of non- 
uniform rf magnetic field. (After White and Solt.) 


stability discussed previously. A second method in- 
volves the use of the resonant properties of a cavity and 
the magnetic modes of the ferrite as follows. The mag- 
netic field is adjusted such that the frequency of no 
two nonuniform modes add to w. However, the reso- 
nance frequencies w; and we of the cavity do add to w. 
The sample is placed at a position in the cavity where 
one of the cavity modes has an rf component along the 
dc magnetic field and the other cavity mode has an rf 
component transverse to the dc magnetic field. Suhl 
calls this the “electromagnetic” scheme in which the 
ferrite couples the modes of the cavity. The third 
scheme, which is called “semistatic” operation, is a hy- 
brid of the first two. The cavity could supply one mode, 
w, and the sample, the other, ws. In the first system, the 
critical or threshold field depends on the sample losses. 
The electromagnetic scheme depends on the cavity 
losses or the Q of each cavity mode. In the third case, 
the threshold field depends on both the cavity and the 
sample losses. The detailed analysis has not yet been 
presented in the literature. Very recently, Weiss re- 
ported” on the operation of such a ferromagnetic reso- 
nance amplifier and oscillator. He used the “electromag- 
netic” mode of operation in which the frequencies f, 
and f, were both equal to 4500 mc and the pumping, or 
resonance, frequency was equal to the sum, 9000 mc. 
The device achieved a gain of 8 db at the lower fre- 
quency as an amplifier and yielded 100 watts peak 
power output as an oscillator. A single crystal of man- 
ganese ferrite was used and the high-power source of 
pumping power was a magnetron which Operated at a 
level of 20-kw peak for oscillation. 

Again, in these new devices as well as the old ones, it 
is desirable to obtain ferrites with narrow resonance line 
widths. It seems that in both linear and nonlinear de- 
vices the operation is enhanced when this is achieved. 
Hence, the search for new and better materials such as 
the garnets is an increasingly important aspect of the 
development of ferromagnetic devices. 
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SEMICONDUCTORS AT MICROWAVE FREQUENCIES 


The role of semiconductors in microwaves is not new 
as the first microwave rectifiers built during World War 
II were made of either silicon or germanium. Not a 
great deal of development work has been done to im- 
prove and extend the use of semiconductors as micro- 
wave detectors until recently when Messenger and 
McCoy™ took advantage of the know-how obtained 
from the transistor technology and used single ger- 
manium crystals of appropriate resistivity to optimize 
the properties of microwave detectors at selected fre- 
quencies. The possible use of such detectors at low 
temperatures is receiving some attention and perhaps 
with the greater understanding of semiconductors which 
has been achieved, some progress may be made in this 
direction. The use of the p-n junction diode, particularly 
the depletion layer as proposed by Girtner,’® narrow- 
base devices, graded base diodes, and transistors shows 
promise of application at higher frequencies, which 
probably will extend into the microwave region. - 

The primary reason for including semiconductors in 
this review is to discuss the close relationship to the be- 
havior of ferrites in electromagnetic fields, which has led 
to nonreciprocal devices and resonance amplifiers. It is 
this feature of semiconductors and the two classes of 
phenomena, namely cyclotron and spin resonance in 
semiconductors, that is discussed next. 


Cyclotron Resonance 


The initial experiments have been carried out at 
Berkeley and at Lincoln Laboratory.’*~78 This phenom- 
enon is a simple one and involves the motion of an 
electron or a hole in the semiconductor in the presence 
of a dc magnetic field. One can write very simple equa- 
tions of motion for such a charged particle as follows: 


— 


m*} = cE exp (jwt) + ie B) (11) 


Phere B is the dc magnetic field and m* is the effective 
mass which is usually less than that of the free electron 
mass, mo. In materials such as InSb where the electron 
mass is isotropic and represented by a simple scalar 
quantity, the problem is very similar to that which oc- 
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curs in the propagation of electromagnetic waves in an 
ionized gas. This equation can be solved readily to ob- 
tain an expression for the conductivity tensor that is 
very similar to the form of representation of the 
permeability tensor for ferrites. For the case of interest 
here the conductivity tensor can be represented in the 
following form: 


Gr == —012 099 0) - (12) 
0) 0 033) 
These tensor components are given by 
1 + jut 
= 022 = 109 : 
(1 + jwr)? + (wer)? 
WeT 
O12 ETON = 7) 3 
(1 + jor)? + (wer)? 
ne*r 
Ue as ee (13) 
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where 7 is the mean free time of scattering of a charge 
carrier, e is the electronic charge, » is the number of 
charge carriers per cubic meter, and w,.=eB/m* is the 
cyclotron resonance frequency.. To show the analogy 
between the permeability of ferrites and conductivity of 
semiconductors, examine the plot in Fig. 12(a) of the 
scalar permeability quantities used for the positive and 
negative circular polarized fields. The dispersive and dis- 
sipative components are shown in the familiar forms 
used to explain the basic operation of nonreciprocal de- 
vices. For instance, for the Faraday rotation, the dis- 
persive components which are the real parts of the 
susceptibilities are used below resonance where the 
differential effects are greatest. The conductivities for 
circularly polarized waves propagating through a semi- 
conductor are given by 04 =oy, +012 where the complex 
quantities 01; and oy are given in (13). The real and 
imaginary parts of o, have been plotted in Fig. 12(b). 
In this case, however, the dispersive components are 
the imaginary parts and exhibit maximum differential 
effects above resonance. Hence, a device using the 
Faraday rotation in a semiconductor probably should 
be operated at values of applied magnetic field above 
resonance. It is likely this is the most practical type of 
nonreciprocal device that can be built with semiconduc- 
tors, because circularly polarized rf electric fields are 
not obtained very conveniently except in square or 
circular waveguide. It is evident from Fig. 12(b) that 
the resonance properties (again in a cylindrical wave- 
guide) could be utilized for constructing a nonreciprocal 
resonance isolator. This may have some possible ad- 
vantages over the ferrite isolator at very high micro- 
wave frequencies. Firstly, the rotation or absorption 
per unit volume in a semiconductor can be much larger 
because the interaction of a single electron with the 
electric field is much greater than that of a single mag- 
netic dipole with the rf magnetic field by a factor of 10%. 


COT 


(right scale) 
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Fig. 12—Components of (a) complex scalar susceptibility and (b) 
corductivity for the positive and negative circularly polarized 
waves as a function of applied dc magnetic field. The resonances 
shown are ferromagnetic and cyclotron resonance, respectively. 


Although the number of electrons per unit volume may 
be less, nevertheless the over-all effect is much greater. 
The same considerations of line width apply to the semi- 
conductor as to the ferrite. The value of wr=10 shown 
in Fig. 12(b) represents that obtained for a pure sample 
of germanium that could only be achieved at liquid 
helium temperature and at K-band frequency (or pos- 
sibly millimeter waves at liquid nitrogen temperature). 
However, there is a1 additional definite advantage over 
the ferrites in the millimeter region because the effective 
mass of holes and electrons are much smaller than the 
free electron mass. In germanium the electron mass is 
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about 0.1 mo and the light hole mass is about 0.04 mp; 
in InSb the electron mass is about 0.013 mo. This means 
that cyclotron resonance can be observed in germanium 
with 4-mm radiation using a dc magnetic field of only 
2500 Gauss or 1000 Gauss for m type or p type, respec- 
tively. In indium antimonide, only the fairly small field 
of 400 Gauss would be required. 

Germanium is most desirable from the point of view 
of getting the highest value of wr. At the present time it 
is not really a very simple medium from the electromag- 
netic viewpoint. The cyclotron resonance phenomenon 
has shed a great deal of light on this and Fig. 13 shows 
just how complicated the situation is. If one orients the 
magnetic field arbitrarily relative to the crystalline axis, 
then for the electrons, one can obtain four resonances. 
This is because there are four sets of electrons, each 
moving on an ellipsoidal energy-momentum surface, 
which are directed along the four cube diagonals of the 
cubic crystal. Thus for n-type material, it is necessary 
that one direct the magnetic field along the cube axis, 
in which case all of the electrons appear identical and 
one obtains only one resonance value. The situation is 
different for p-type material. There are two kinds of 
holes, a heavy hole and a light hole. The light hole is 
nearly isotropic, has a mass of 0.04 mp, and is less 
densely populated than the heavy hole which has a mass 
of ~0.33 mo. The latter moves on an energy-momentum 
surface, which is a warped sphere giving rise to non- 
linear effects in the presence of a magnetic field. Dexter, 
Zeiger, and Lax™ have observed second and third har- 
monics of the heavy hole resonance due to the existence 
of warping. Maiman’® has suggested the possibility of 
harmonic generation by modulating the cyclotron reso- 
nance frequency with an alternating magnetic field. 

The electromagnetic problems have been treated, 
taking into account the complicated anisotropy prop- 
erties of either the holes or electrons, and the results 
have been expressed in terms of an effective conduc- 
tivity which is defined by® 


T? = — weno + jomocert- (14) 


The expressions for orp for electrons in germanium and 
silicon have been worked out by Lax and Roth®° for 
different orientations of the dc magnetic field and for 
various electric field polarizations. The simplest is the 
case where the dc field is parallel both to the direction 
of propagation and, for germanium, to the cubic or 
[100] axis of the crystal. In the case of silicon, the mag- 
netic field and the propagation vector should be along 
the cube diagonal or [111] axis. Then, for both ger- 
manium and silicon 
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Fig. 13—Experimental cyclotron resonance absorption in germanium 
at K band and liquid helium temperature as a function of mag- 
netic field. Resonance peaks for the electrons and holes are indi- 
cated. (After Dexter, Zeiger, and Lax.) 


where 
a* = ne?/m*(v + jw), 
m* = 3mym./(2mi + m), 


= eB/milv + je), 


p = mi/m:. 


o 
| 


o* is the rf conductivity in the absence of a magnetic 
field; m* the average or conductivity mass expressed in 
terms of the longitudinal mass m; and the transverse 
mass m; associated with the ellipsoidal energy surfaces; 

.and 6 is a parameter which is proportional to the mag- 
netic field and involves the collision frequency v, which 
is assumed independent of electron energy. The differ- 
ence between silicon and germanium is that m,;=1.64 
My, m,=0.082 my for germanium, and m,=0.98 mo, 
m,:=0.019 mp» for silicon. Analogous results for the 
holes, taking into account the warped surfaces, have 
been worked out by the Lincoln group for various limit- 
ing conditions. 


Spin Resonance 


The first spin resonance experiments in semiconduc- 
tors were observed first by the group at Berkeley,* 
which studied the spin resonance in heavily doped 
n-type silicon, as shown in Fig. 14. An apparent single 
line was observed in which the line width varied as a 
function of temperature from about 2 oersteds at liquid 
helium to about 30 oersteds at room temperature. Since 
then more extensive work has been carried out, pri- 
marily at Bell Laboratories, in which different im- 
purities and different concentrations were used. At high 
impurity concentrations, one obtains an apparent single 
line. However, it is shown in Fig. 15 that® at lower con- 


81 A. M. Portis, A. F. Kip, C. Kittel, and W. H. Brattain, “Elec- 
tron spin resonance in a silicon semiconductor,” Phys. Rev., vol. 90, 
p. 988; June, 1953. ¢ 

8 R.C. Fletcher, W. A. Yager, G.L. Pearson, and F. R. Merritt, 


“Hyperfine splitting in spin resonance of group V donors in silicon,” 
Phys. Rev., vol. 95, p. 844; August, 1954. 
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Fig. 14—Electron spin resonance line width in n-type silicon at x 
band as a function of temperature. (After Portis, Kip, Kittel, and 
Brattain.) 
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Fig. 15—A schematic representation of the absorption line spectrum 
for silicon doped with various amounts of phosphorous, arsenic, 
and antimony. Hyperfine structure is observed in samples with 
impurity content of the order of 10%” per cubic centimeter. (After 
Fletcher, Yager, Pearson, and Merritt.) 


1.96 


centrations, one can observe the splitting due to the 
presence of the nucleus, 7.e., the hyperfine structure, 
which becomes more complex as the magnetic moment 
of the nucleus increases from 3 in phosphorus to in 
arsenic to $ and $ in antimony. The narrow lines ob- 
tained in these materials indicate interesting possi- 
bilities. Furthermore, the very long spin-lattice relaxa- 
tion times, of the order of seconds as observed by Feher 
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and Fletcher, and sometimes even much longer, sug- 
gest possibilities for maser-type devices. The first con- 
tribution to the solid-state maser art was made last 
year by Townes and co-workers®* in France using silicon. 
The original work on the maser at Bell Telephone 
Laboratories considered the use of a single crystal con- 
sisting of a silicon-29 isotope as a possible medium for 
such a device. With such narrow lines and long spin- 
lattice relaxation times, one can consider new possible 
devices using nonreciprocal or nonlinear properties of 
the spin resonance at low temperatures. 


CONCLUSION 


It is apparent that some of the recent developments 
indicate improvement and extension of present devices 
and the promise of new ones in the field of ferrites. The 
advent of the ferromagnetic garnet both in polycrystal- 
line and single crystal form indicates the possibility of 
nonreciprocal ferrite components at lower microwave 
frequencies extending to the uhf region of the spectrum. 
The theoretical and experimental work on the nonlinear 
behavior of ferrites promises practical devices such as 
harmonic generators,” frequency mixers, and detec- 
tors.® Perhaps the most exciting possibility in this re- 
gard is the ferromagnetic resonance maser using fer- 
rites or garnet crystals. However, whether it proves to 
be superior to existing devices at room temperatures or 
the paramagnetic maser® at low temperature remains 
to be demonstrated. 
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Semiconductor microwave applications other than 
the existing detectors may be realized in the very near 
future in the form of junction rectifiers and transistors 
as a result of new developments. The use of the cyclo- 
tron resonance properties of holes and electrons in ger- 
manium promises practical applications for nonre- 
ciprocal devices in the millimeter wavelength region. 
The spin resonance in silicon and possibly other semi- 
conductors may very well provide us with devices simi- 
lar to the maser. 


ACKNOWLEDGMENT 


It is a privilege to acknowledge the invaluable techni- 
cal contributions of K. J. Button to both the ferrite and 
semiconductor problems. His assistance in preparing 
this document is appreciated greatly. The author 
thanks Dr. G. S. Heller and his group for discussing 
their current work and giving permission to use their 
results prior to publication and Dr. E. Wantuch for pro- 
viding up-to-date information and data on several non- 
reciprocal ferrite devices developed by him and his 
group. 

The preprint sent by Dr. H. Suhl, describing his work 
on the ferromagnetic resonance amplifier, was of special 
value. 

Discussions with Dr. G. Birnbaum in connection 
with the work of his group on the applications of cyclo- 
tron resonance for harmonic generation have been very 
stimulating. The advance copy of the work of Dr. E. 
Stern on frequency doubling and mixing and the pre- 
publication report of Dr. W. W. Gartner on the applica- 
tion of transistors at microwave frequencies have been 
quite helpful. 

The author is grateful to the group at the Diamond 
Ordnance Fuze Laboratories for keeping him abreast of 
their ferrite research and, in particular, to Dr. J. Ca- 
cheris and his co-workers for their recent work on the 
ferrite detector. He is indebted also to Dr. A. Aden for 
information regarding the work of his physics group on 
broad banding of ferrite devices. 


CORO 


‘3 


1958 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


19 


Nonteciprocal Electromagnetic Wave Propagation 


in lonized Gaseous Media* 
L. GOLDSTEIN 


Summary—The nonreciprocal propagation of electromagnetic 
waves in ionized gaseous media is discussed, and experimental ob- 
servations are reported in this paper. The classical Faraday experi- 
ment in the optics of anisotropic media has suggested an analogous 
phenomenon at microwave frequencies. The anisotropic behavior of 
the free electron gas which is immersed in a magnetic field and sub- 


‘jected to an incident electromagnetic wave is determined. Guided 


microwave experiments were performed which confirm the theoreti- 
eal predictions of nonreciprocal wave propagation in such ionized 
gases. 


INTRODUCTION 


HIS PAPER is concerned with propagation of 

high radio frequency electromagnetic waves in 

ionized gases. More particularly, we shall be con- 
cerned here with those general restricted conditions of 
the ionized gaseous media under which such wave propa- 
gation is nonreciprocal. 

Before describing the properties of such media, it ap- 
pears advisable to review in broad terms the main his- 
torical aspects of wave propagation effects which led to 
the discovery of the conditions of nonreciprocity inem 
wave propagation. We are referring here to the phe- 
nomenon observed by Faraday (in 1845) in the course 
of his studies of the change in the properties of matter 
under the influence of magnetic fields. In these investi- 
gations Faraday used visible light as a probe. Since 
visible light was used to investigate the change in the 
bulk properties of matter, this had to be transparent to 
the light beam so that true propagation in the medium 
could take place. This requirement led, first, to the use 
of glass, a transparent dielectric. As is well known, the 
effect consists of the rotation of the plane of polarization 
of the plane polarized light waves that are transmitted 
through the substance when it is immersed in a longi- 
tudinal steady magnetic field. This rotation, in sub- 
stances isotropic when not immersed in magnetic fields, 
was found to be maximum when the direction of the 


light wave propagation was parallel or antiparallel with 


the direction of magnetization. 

In 1884, A. Kundt performed the Faraday type ex- 
periment by sending light waves through appropriate 
thicknesses of ferromagnetic metallic foils that were im- 
mersed in longitudinal magnetic field. The Faraday ef- 
fect in paramagnetic substances was first observed in 


1906 by J. Becquerel. acs 
While the first observations were made with visible 


light, the phenomenon has later been extended to very 


broad regions of the em spectrum on both sides of the 
visible. Looking back at these original experiments, 


* Manuscript received by the PGMTT, July 30, 1957. 
t University of Illinois, Urbana, III. 


among the most significant facts appears to be that 
which concerns the magnitude of the measured rota- 
tions.} 

The systematic experiments of Verdet with a large 
number of substances transparent to visible light, per- 
formed in 1854 and following years, have indicated, as 
a rule, the proportionality of the rotation angle with the 
magnetic field intensity and the total (optical) path of 
the medium traversed by the light waves. 


6=V.-H-L- cos ¢. (1) 


Here Z is the magnetic field, Z is the total light path, ¢ 
is the angle of H with the direction of wave propagation, 
and V, is a constant of proportionality characteristic of 
the substance. This constant is known as the Verdet 
constant. This relation appears to be valid for all sub- 
stances which are transparent to the light waves used. 
The Faraday-Verdet rule, however, loses its validity for 
light waves whose frequency is close to a proper fre- 
quency or absorption band of the substance. 

It is another historical fact that the Faraday effect 
has not been satisfactorily interpreted until the dis- 
covery of the Zeeman effect some fifty years after the 
original Faraday experiments. 

The interpretation of the Faraday effect, as is now 
well known, makes use of the Zeeman effect, and it is 
based on the Fresnel decomposition of a linearly polar- 
ized em wave into two circularly polarized waves where 
the Fresnel vectors are of equal amplitudes and which 
rotate in opposite senses, at the frequency of the wave. 
This mathematical “artifice” introduced by Fresnel was 
instrumental in interpreting the natural rotation phe- 
nomena of plane polarized light that was observed in 
birefringent crystals prior to Faraday’s magnetic rota- 
tion discovery. 

The oppositely rotating circularly polarized waves 
propagate in the medium with different velocities (phase 
and energy). If N is the index of refraction of the wave 
rotating to the right of an observer looking at the source, 
and N_ is that of the wave which rotates to the left, 
while WV is the index of refraction in the medium in the 
absence of the magnetic field, we have 


where c is the wave velocity in free space and w is the 
angular frequency of the propagated wave. 
1 To give an order of magnitude of the rotation angle 6, in glass 


about 30,000 times as thick as the wavelength, the maximum rotation 
observed after one crossing was 12° in a field of several thousand 


Gauss. 
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It follows from the above that the angle of rotation 
WwW 

Oise Ll Nasa )eae (2) 
2¢ 


The problem of predicting the magnitude of the mag- 
netic rotation of the plane of polarization of a linearly 
polarized em wave traversing a certain transparent 
medium is reduced to the determination of the refrac- 
tive indices N_ and N,, that is to say, of the velocities 
of the two oppositely rotating circular waves which com- 
pose it. 

This assumes that the medium is equally transparent 
for these circularly polarized waves. Should the medium 
be dichroic, however, then the rotated wave becomes 
elliptical with its large axis in the rotated direction. The 
angle of rotation remains, in general, little or unaffected. 
Turning now to the medium of our immediate interest, 
we shall have to define first the conditions of its trans- 
parency for high radio frequency em waves. 


THE IONIZED GasEous MEDIUM 


In an ionized gas there are, of course, free charge car- 
riers of both sign. We shall consider here only those 
gases in which the free negative charges are free elec- 
trons and not negative ions. Electrons in all velocity 
ranges remain free in the inert monatomic gases and 
only in certain inert molecular gases such as MN». For 
simplicity, we shall consider only the monatomic rare 
gases. The reason for this is that ions, positive or nega- 
tive, due to their heavy mass, are not capable of oscilla- 
tions with any significant amplitude in high-frequency 
em fields; thus, they do not directly affect high-fre- 
quency wave propagation in ionized gaseous media; 
only electrons are influential in determining propaga- 
tion. 

The region of an ionized gas where the free electron 
density is equal or very nearly so to the density of the 
positive ions is called a plasma. We shall be referring, in 
what follows, to gaseous plasmas or to gaseous dis- 
charge plasmas. In the latter case, the plasma is pro- 
duced in the gas by electric fields, de or ac (high or low 
frequency). 

The free charge densities in laboratory gaseous dis- 
charge plasmas, m, and n,, are, in general, very much 
smaller than the densities of the gas atoms Ni; 
(n./N,<S10-). 

A plasma can be considered as a mixture of gases. 
This mixture is composed of the gas of the free electrons, 
the gas of the positive ions, and that of the neutral 
atoms fa fraction of which can be partly in short or 
partly in long life excited states). For such a mixture we 
can write the classical laws of the gas mixtures and 
write, for instance, that the total pressure P; is the sum 
of the partial pressures of the constituent gases: Pj=p, 


+p.+p4, or in terms of the energy content in these 
gases we have 


P, a NkT, + nekT, + nikT, 
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where J, with the appropriate subscripts, represents 
the “temperature” of these constituent gases respec- 
tively. This assumes that the particles in each of these 
gases have a Maxwellian distribution of velocity. 


Mv? 3 
(Then = — AT). 
2 2 


From a thermodynamic viewpoint, we have two es- 
sentially different cases of interest: an isothermal 
plasma where 7.=74=7,=T7 or a nonisothermal 
plasma where 7,4T7,, and 7.47}. 

The plasma constituents are in continuous interac- 
tion with each other. This interaction, with kinetic 
energy exchange, takes place through collisions which 
occur at a frequency generally designated by v, with the 
appropriate subscript, vem, Ve—i, Ve-e-” There is a direct 
relation between the temperature of the constituent 
gases and the collision frequency of the interacting par- 
ticles. The most important relations of immediate in- 
terest in gaseous discharge plasma in which electro- 
magnetic wave propagation takes place are 


: 3kT. 
rem & Q-Ny: Be = Q:N(— 


1/2 
) ~ ATH? (3) 


if Q is independent of z., A is constant. The collision 
cross section Q is dependent on the nature of the gas. 


nN; 3.7 X 108 2T.-T;\! 
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T 3/2 


~m 


(4) 


where B is a constant, since the log term is very slowly 
varying. 


Thus 


Ni 


V = Veen +vei= AT? + B.- : 
T 2i2 


(S) 


The interaction between the constituent gases implies a 
tendency toward a (thermodynamic) temperature equi- 
librium which can be reached, unless one of the constit- 
uents is supplied, selectively, with some kinetic energy 
—either continuously or otherwise. For instance, if a 
plasma is produced and maintained by an electric field, 
then the charges gain energy from the electric field up 
to that steady-state value at which the energy gained 
from the field equals the energy transferred to the other 
constituents of the gas mixture. So in the steady state of 
“running” (de or ac) gaseous discharges, the electron 
gas temperature is always higher than the temperatures 
of the other constituents and T.>7,5T,. 

If, however, we remove the electric field that main- 
tains a gaseous discharge and thus abandon the plasma 
(to its fate), then the constituent gases can reach a tem- 
perature equilibrium. It is understood that since in 


2 The subscripts e-m, e-i, and e-e designate 


: electron-m 
electron-ion, and electron-electron, respectively, olecule, 
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such a plasma the free charges are being lost through 
various processes and are not being replaced, the aban- 
doned plasma will decay. 

In order to have a better understanding of a gaseous 
discharge plasma asa propagating medium of em waves, 
it is advisable to inquire into the nature of the electronic 
collisions with neutral gas atoms and with the other 
charged constituents. In the presence of electric or elec- 
tromagnetic field, the electrons acquire kinetic energy 
between collisions, that is to say, during their free time 
(r). This is the time the electrons spend on their free 
path (\.). The energy thus acquired is ordered kinetic 
energy. If and when this ordered motion is interfered 
with by a collision, the motion becomes disordered or 
thermalized, and a fraction of the electron kinetic en- 
ergy is lost to the partner with which the collision took 
place. The fraction of the energy transferred to a gas 
molecule, in such a collision, depends upon whether the 
electron kinetic energy is adequate or inadequate to 
excite any of the possible quantized states of the collid- 
ing partner. If it is inadequate, the collision could only 
be elastic, and the fraction of the electron energy lost on 
the average is about 2m/M where M, m are the masses 
of the colliding partners, respectively. In the other case, 
the collision may result with a certain probability in the 
excitation of the atomic colliding partner. (Ionization is, 
of course, a particular state of excitation.) In that case, 
a large fraction of the electron kinetic energy is lost. 
It is then obvious that the nature of the gas (He, Ne, A, 
Kr, Xe) and the pressure etc., play essential roles in the 
. behavior of such plasmatic media. 


BEHAVIOR IN MICROWAVE FIELDS 


Let us consider the high-frequency behavior of gase- 
ous discharge plasmas. In order to describe the wave 
propagation properties of such a medium, we have to 
determine the polarizability, or dielectric coefficient, the 
conductivity, and the magnetic permeability of the 
plasma, and their behavior in high frequency em fields. 
As mentioned earlier, only the free electrons of the 
plasma which are capable of oscillating with full ampli- 
tude at high radio frequencies, affect microwave propa- 
gation. 

The conductivity of a free electron gas in vacuum, 
in microwave fields of frequency , is imaginary 
o =j(ne?/mw). The effective dielectric coefficient of free 
space containing a gas of free electrons is 

€ ne 
pe 


€9 eEqtit- w? 


) (6) 


where & is the dielectric constant of free space. 
In a plasma where the gas of free electrons interacts 
with the other plasma constituents, the conductivity 1s 


complex. 
Oe = or + jos (7) 


(the subscripts ¢,r, i designate complex, real, and imagi- 
nary, respectively). 
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The complex conductivity of a plasma in the absence 
of any magnetic field as calculated by Margenau? and 
Ginsburg,’ is shown in Fig. 1. 


eee Nelle oe ee 
G, = — ———— [K2(a1) — jx! K5/2(a1) | (8) 
3 |QnmKT 
where 
m(wr)? 
n= 
Dies 


n.=electron density, 

m =electron mass, 
e=electron charge, 

d\,=electron mean free path, 
k=Boltzmann’s constant, 
7 =temperature (°K). 
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Fig. 1—Complex conductivity of a plasma (after Margenau’). 


The functions K2(x;) and K3,2(x1) are plotted on Fig. 1. 
This formula of the complex conductivity of a gaseous 
plasma is approximated by the following simplified for- 
mula adequate for a general discussion: 


Nee y . @ 
= [7 _-j| 0) 
m Lv? + a? vy? + w? 


where p is the total collision frequency of the electrons. 
The magnetic permeability of a plasma of relatively low 
charge density is, essentially, that of free space in the 
absence of any magnetic field. 

It is seen that both the real and imaginary parts of the 
complex conductivity are dependent on the electron 
density m, and the electron collision frequency ». The 
real part of the conductivity is maximum for y=o, in 
which case, o,/o;=1. 

At this point it is apparent that there are two plasma 
states of interest: 1) o,/o:K1 and 2) o,/o,;~1. In the first 
case v/w<1 and the plasma can be considered as a di- 
electric medium with a coefficient € in the sense of 


electrostatics. 


3 H. Margenau, Phys. Rev., vol. 69, p. 510; 1946. ; 
Wi Gua J. Phys., U.S.S.R., vol. 8, p. 253; 1944. (In English.) 
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€ Ano; Anne” 1 Wp? Now for signal frequencies w >w, the wave propagates 
oa tad ae pro: at "oes wo? (10) in the plasma. However, in view of the complex con- 
5 ry ees ductivity of a plasma in microwave (em) fields, its index 

with of refraction is also a complex quantity. 

Ain ee” SN — 4G; 
== (Oe 

m ij where WV is the ordinary index of refraction and q is the 


Whether in the absence of magnetic fields this dielectric 
plasma is transparent for em waves of frequency w de- 
pends upon the sign of €/é.. This is determined by the 
ratio of w,?/w?+v’. 

The two extreme cases of interest mentioned from the 
viewpoint of » and w are 1) v/w<1 and 2) v/w>1. 
Case 1) indicates that the electrons are undergoing 
many oscillations per collision, which corresponds in 
general to low gas pressure and/or high frequencies, 
whereas case 2) indicates that the electrons undergo 
many collisions per oscillation. This case corresponds in 
general to high gas pressure and/or low-frequency oscil- 
latory fields. In general, plasma conditions satisfying 
case 1) are selected for microwave frequency propaga- 
tion in plasmas [although for certain cases; e.g., case 2), 
could be more favorable]. In this case »*w? and the real 
part of the conductivity is directly proportional to the 
electron density , and the electron collision frequency 
vy. The dielectric coefficient and, therefore, the wave 
propagation conditions, are controlled by the ratio of 
the plasma frequency to signal frequency. In particular, 
for frequencies lower than plasma frequency, no true 
propagation takes place since the phase velocity of the 
wave becomes imaginary. 


2 o 
Voit = 


(11) 


(a= 


w? 


Under these conditions the plasma defines boundaries 
for wave propagation. This is the case of the ionosphere 
for the lower frequency ionospheric waves. However, 
these em waves still penetrate the plasma and progress 
in it with decreasing amplitude. The amplitude is de- 
creased to 1/e of its value in a distance 


C 2\—1/2 
fi <(1 = <) 
Wp W,” 


so that for wXw,, d approaches 1/27 XX (free space) for 
radiation at the plasma frequency. 

Since the plasma frequency is proportional to the 
square root of the electron density—a parameter essen- 
tially controllable—conditions for propagation of micro- 
waves, or if desired, conditions for no propagation, can 
be adjusted at will. This control of wave propagation 
can be exercised on microsecond or shorter time scales, 
which makes this extremely flexible medium suitable for 
such wave propagation control. 


extinction index. 
So that the amplitude of a wave of the form 


we 
k= a-exp| ja(t— 2) 
C 


propagating in the z direction, that can also be written 


as 
a) : N 

Ee o-exp(— — 2) exp Fac _-— |, 
Cc Cc 


decreases as the wave progresses in the medium. 

This attenuation is due to dissipation of em energy in 
the medium through the agency of the electrons. Under 
the above conditions of v?<w?, attenuation is controlled 
by both n, and p. 


GASEOUS DISCHARGE PLASMAS IN DC or 
SLOWLY VARYING MAGNETIC FIELDS 


In the absence of a magnetic field an unbounded 
plasma is isotropic for em wave propagation. The dis- 
persion relation for such a plasma is given in (11), for 
negligible collisional losses. If we now place the plasma 
in a finite dc or slowly varying magnetic field, such that 
the field direction is parallel or antiparallel to the direc- 
tion of em wave propagation, then the propagating 
properties of such a medium are modified in two essen- 
tial ways: 

1) The medium is no longer isotropic. It behaves as a 
uniaxial crystal. Indeed, propagation in any material 
medium is dependent upon the electric and magnetic 
polarizability of the medium. In the plasma, the mage 
netic polarization can be disregarded since the spin con- 
tribution to the permeability is largely negligible. The 
contribution of the orbital diamagnetic electron current 
loops can also be neglected, since, for conditions outside 
of the cyclotron resonance, the total diamagnetic mo- 
ment of the Maxwell distributed free electron gas is zero. 
Neglecting losses, which in a way implies low level 


microwaves in practice, the electric induction D=eE+P 
will largely control the wave propagation in the plasma. 
Now, since the magnetic field applied in the z direction 
causes the electrons to describe circular orbits around 
the dc magnetic field, the high-frequency electric field of 
the wave, here normal to the dc magnetic field, will de- 
velop a component of motion at right angles to itself 
and in time quadrature with it. 

This can be expressed in the following matrix repre- 
sentation: 
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where we have assumed: 
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®H=YHpc and y=gyromagnetic ratio of electron. It is 
seen that in the gas plasma it is the dielectric constant 
which is a tensor as compared to the permeability tensor 
in the ferromagnetic substances. 

2) The plasma frequency has lost direct control of 
the propagation of plane polarized em waves. The gyro- 
frequency of the electrons wz, now contributes to this 
control. 

If the wave is plane polarized and thus composed of 
two oppositely rotating circularly polarized waves, it is 
rotated in its progression in the medium; the circularly 
polarized waves having different phase velocities. The 
dispersion relation—again for v/w <1—becomes 


(13) 


The minus sign before wy applies if the electric vector of 
the wave rotates in the same sense as the gyrating elec- 
trons. This circular wave is the equivalent in optics to 
- the extraordinary wave, in opposition with the other 
(or plus) wave called the ordinary wave. 
The above relation can also be written as: 
(14) 


Vn? = ———_— 
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This now shows more clearly whether propagation can 
take place depending upon the value of w,?/(w’)?. 

Eq. (13) invites the following remarks. 1) For zero 
magnetic field we have (11) (that is w' =w). For zero 
plasma frequency, the propagation is that in vacuum. 
For infinite magnetic field, whatever the plasma fre- 
quency, it is the same as in vacuum. 

2) The angle of rotation of the linear wave, observed 
at a distance L inside the plasma for each value of the 
magnetic field, depends upon the electron density in the 
plasma; this angle is being determined by the difference 
in the refractive indices of the two oppositely rotating 
circular waves, that compose the linearly polarized 


wave. 
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3) The angle of rotation varies rapidly in the vicinity 
of the plasma frequency, which is one of the proper fre- 
quencies of the magnetic field permeated plasma. This 
is, of course, also the case for w~wy. 

4) It is also apparent that for certain values of wy/w 
and w,?/w? resonance conditions prevail. In addition to 
the electron cyclotron resonance, a plasma resonance 
can also be observed. This resonance is called the mag- 
neto-plasma resonance, since for any value of the di- 
mensionless parameter of w,?/w?, it is a function of the 
magnetic field intensity. 

The discussion of the case of a loss-less unbounded 
infinite plasma, even though unrealistic, is extremely 
useful in that it points out the basic wave propagation 
properties of such a medium when used in any practical 
form. 


GUIDED WAVE PROPAGATION IN PLASMAS 


Guided microwave propagation through gaseous dis- 
charge plasmas is, in several respects, different from 
plane wave propagation in unbounded plasmas. How- 
ever, since the basic properties of such a medium in a 
waveguide even though bounded remain largely un- 
affected, the propagation phenomena do not differ in 
their essential features from the unbounded case. 

Here, wave propagation is, of course, dependent upon 
waveguide geometries, the waveguide modes. Phase ve- 
locity of the em waves (guide wavelength) and wave- 
guide cutoff condition are important parameters of the 
problem. 

The detailed theoretical aspects of Faraday rotation 
of guided waves through gyromagnetic media and to 
some extent gyromagnetic (gaseous) plasmas—outside 
of the scope of this paper—have been discussed in par- 
ticular by Suhl and Walker‘ in this country and also by 
a group of French workers.® It does not appear to be 
fruitful to elaborate on these in this paper. 

However, before describing typical guided wave non- 
reciprocal propagation and resonance experiments in 
plasmas and discussing their possible applications, it 
seems worthwhile to point out that, in general, the ex- 
perimental conditions, for which results are presented 
below, justify the approximations of the theory with re- 
gard to the use of “quasi” TEu waves in a plasma filled 
circular waveguide on a length of the order of 1-2 free 
space wavelength, even though rigorously the circular 
waves are not true modes of propagation in the plasma 
filled guide that is immersed in a longitudinal magnetic 
field. 

We also would like to draw attention to the action of 
an applied magnetic field (whose intensity is varied) on 
the plasma itself in the absence of any electromagnetic 


energy. 


4H. Suhl and L. R. Walker, Bell. Sys. Tech. J., vol. 33, pp. 579, 


939, and 1133; 1954. ; 
5 MaéBonnet, M. Matricon, and R. Roubine, Ann. Telecommun., 


vol. 10, p. 150; 1955. 
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EXPERIMENTS ON GUIDED MICROWAVE PROPAGATION 
THROUGH MAGNETIC FIELD PRODUCED ANISO- 
TROPIC GASEOUS DISCHARGE PLASMAS 

In what follows we shall describe and illustrate ex- 
periments of Faraday rotation and gyroresonance in 
circular or other waveguide geometries with two differ- 
ent types of plasmas: 1) isothermal at room temperature 
and 2) dc or ac maintained nonisothermal plasmas. Both 
are under widely varied conditions of plasma frequen- 
cies and electron collision frequencies (nature and pres- 
sure of the gases in which the plasmas were produced). 
These experiments were carried out with microwaves 
in the C-band (5000 mc) and X-band (9000 mc) fre- 
quencies. 

The waveguide Faraday effect consists of the rotation 
of the whole field pattern of the linearly polarized TEx 
waves. The plane of the maximum electric field in this 
angularly dependent mode, which is along a diametral 
line, is taken as its plane of polarization. By rotation of 
the wave by an angle @ is meant a rotation by that angle 
of the whole field pattern and consequently that of the 
plane of polarization (maximum E£ field). 

For 6 = 90°, linearly polarized TEi, waves are in inde- 
pendent states of polarization—there being a twofold 
degeneracy. Any TEy; wave in any state of polarization 
may be regarded as composed of two such independent 
TE: component modes of appropriate amplitudes and 
phases. Circular polarization of a TE wave as well as 
linear polarization is therefore possible. Consequently, 
polarization transformations also can be produced. 

For magneto-rotation experiments, a cylindrical gase- 
ous discharge tube is located coaxially in a cylindrical 
waveguide in which TE, waves are propagated at a low 
power level. The rf waves were either cw or pulsed. The 
tube lengths were of the order of 1—2 free space wave- 
lengths completely immersed in a longitudinal magnetic 
field. The magnetic feld for the C-band experiments 
was produced by solenoids surrounding the gas dis- 
charge tube filled portion of a cylindrical waveguide. 
The notations ¢=wy/w and g=w,/w are used in the 
figures. The typical results below on magneto-rotation 
are relative to isothermal gaseous plasmas at room tem- 
perature (~300°K). These plasmas are obtained in the 
afterglow period of a decaying gaseous discharge. Fig. 2, 
opposite, shows the Faraday rotation of guided waves 
through an isothermal helium plasma at 300°K in a 
longitudinal magnetic field as a function of electron 
density. Fig. 3 illustrates the magneto-rotation of TE, 
linear polarized waves through a neon plasma as a func- 
tion of magnetic field for various gas pressures. It is 
apparent that an increase in the electron collision fre- 
quency (corresponding to an increase in gas pressure) 
reduces the amount of rotation obtainable with a given 
value of magnetic field. Fig. 4 is a comparison of the 
measured angle of rotation of a linear TE, wave with 
the calculated angles obtained from direct measurements 
of the phase velocities of the two circularly polarized 
TEn waves. As one would expect, the agreement is quite 
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good, Fig. 5 and Fig. 6 are plots of the rotation angle 
vs magnetic field for various electron densities and 
gas pressures. Fig. 7 indicates the insertion loss for the 
two waves and illustrates how such an effect could be 
used as an isolator. Fig. 8 shows the ellipticity of the 
linear incident wave after passing through a plasma for 
various values of electron density or time after the dis- 
charge occurred. Fig. 9 demonstrates the variation of 
the TE, wave amplitude which is reflected after it has 
traversed the plasma as measured by an antenna per- 
pendicular to the launching antenna, as a function of the 
angle of rotation of the TE: wave. This indicates the 
nonreciprocal properties of an anisotropic plasma when 
used as a propagation medium. 


RESONANCE PHENOMENA IN GYROMAGNETIC 
PLASMAS AT MICROWAVE FREQUENCIES 


Since large rotation angles are obtained in the vicinity 
of a proper frequency of the anisotropic medium, it is of 
multiple interest to study the medium behavior for sig- 
nal frequencies in the vicinity of these proper frequen- 
cies. The plasma frequency corresponding to each value 
of the surrounding magnetic field and the»gyrofre- 
quency of the electrons are such proper frequencies. This 
leads us to investigate the corresponding magneto- 
plasma and pure cyclotron resonances in the aniso- 
tropic plasmas. 

The resonances for C- and X-band microwaves were 
studied in de and pulsed (decaying) gaseous discharge 
plasmas permeated by dc or ac magnetic fields. 

While neglecting electron collisional effects in plasmas 
in pure Faraday rotation for low level, rf waves can be 
justified in many practical cases, this can no longer be 
justified, however, when resonance conditions prevail in 
the gyroplasma. The electron collision frequency then 
becomes a controlling parameter, hence in the region of 
resonance all propagation effects become increasingly 
nonlinear. This implies that wave propagation under 
these conditions becomes very power level dependent 
(in these experiments even on the milliwatt power 
levels). 

Indeed the width of the cyclotron resonance of the 
electrons is determined by 2v/w. It is, therefore, a func- 
tion of the nature of the gas, the pressure, the tempera- 
ture of the electron gas consequently of the power level 
of the rf wave. 

All other conditions being equal, the cyclotron reso- 
nance width will be in general broader in dc discharges 
than in lower electron temperature plasmas. This is 
illustrated in Fig. 11. Considering for instance the 
x component of the real part of the magneto-plasma 
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Fig. 2—Faraday rotation of guided waves. 
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Fig. 3—Rotation of the polarization plane of the transmitted TEn 
wave vs the magnetic field variable ¢ for several values of gas 
pressure. Gas-neon, frequency—5.10°, discharge length—7.6 cm. 
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Fig. 4—Rotation of the polarization plane of the transmitted TE 


wave vs the magnetic field variable o for a discharge 7.6-cm 
length. 
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Fig. 5—Rotation of the plane of polarization of the transmitted TE 


wave for several values of pressure of a discharge in neon. 
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where a=w/v and b=wy/v, and ne?/mvy =o», the de con- 
ductivity of the plasma. 

For the extraordinary wave undergoing resonance, 
this is reduced to o,/o9=4. This formula simplifies for 
the case of y=y._m+v-_; and can be written as 


= 
Ween am Vei) 

In a gas pressure range above 1 mm Hg, in general, 
“Ve-m>Ve—. The controlling factor is the collision fre- 
quency of the electrons with neutral gas molecules. For 
very low gas pressures, (<1/10 mm Hg) and low-level 
(C-band) rf signals but adequately large 7, vem <ve_i. 
Then for the extraordinary wave o,=ne?/m-v__.. 


nN; B Dig tN 
ve; = A logn {— sO -) \ (17) 
Lee n,;\!? Del s 


neglecting the slowly varying logarithmic factor, 
Ve-v~C(n;/T.!?). Hence 


ieee 
op = — eT PPS CTF. 

Cm nN; 
Here A, B, C, and C’ are constants, so that the resonance 
absorption for the above case is essentially independent 
of the number density of the charges and increases with 
increasing electron temperature, consequently with rf 
power level. 

Resonance experiments have been performed in cylin- 
drical, rectangular, and square waveguides. The gaseous 
discharge tubes, generally of glass, in the rectangular 
and square waveguides were either coaxial with the 
waveguide or perpendicular to the axis of the waveguide. 
A slowly varying low-intensity ac magnetic field (also 
longitudinal) was superimposed on the de magnetic field 
and this was used in the detailed exploration of the reso- 
nances produced by the main dc magnetic field. Reso- 
nance experiments at X-band (8-10 kmc) frequencies 
made use of pulsed magnetic fields. Fig. 10 and Fig. 11 
show resonance curves for dc discharge plasmas in X- 
band rectangular waveguide. Fig. 12 illustrates the tube 
geometry used in these experiments. Fig. 13 indicates 
the time sequence of the pulsed operations. Fig. 14 il- 
lustrates the magneto plasma and cyclotron resonances 
as a function of electron density and incident rf power. 
Fig. 15 demonstrates the effect on the plasma of the rf 
input power level. As can be seen on the first trace of 
each set, at a power level of 6 mw, the plasma properties 
change through resonance absorption heating of the 


electron gas. 
APPLICATIONS 


The anisotropic gaseous plasma lends itself to appli- 
cations, in low-level rf wave propagation control, simi- 
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Fig. 10—Transmission and reflection characteristics vs magnetic 
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Fig. 12—Diagram of apparatus and photograph of waveguide 
and solenoid. 
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Fig. 13—Synchronization of apparatus. 


Fig. 14—Resonances—pulsed magnetic field. 
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Fig. 15—Resonances—pulsed magnetic field. 


(a) 4-mm Hg, 175 usec delay. 
Sweep Speed 40 psec /div. 

(b) 10-mm Hg, 200 psec delay. 
Sweep Speed 30 psec /div. 

(c) 20-mm Hg, 350 psec delay. 
Sweep Speed 30 usec/div. 
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lar to those in which ferrites are used, with no limita- 
tions of frequencies. 

For pulsed rf waves decaying gyroplasmas may be 
more advantageous than stationary media. With pulsed 
magnetic fields, isothermal gyroplasmas may be used, in 
particular, for rapid broad-band spectrum analysis. The 
limitation on the bandwidth is determined by the wave- 
guiding structure containing the magneto plasma. The 
fact that a gaseous discharge plasma can be established 
in any desired charge density state on microsecond or 
shorter time scale and be removed from that state on an 
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equally short time scale makes the ionized gaseous 
medium a very flexible one whose potentialities have not 
been, as yet, explored to any great extent or even recog- 
nized by microwave engineers. 
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The Three-Level Solid-State Maser* 


Hate) SCOVLL, 


Summary—This article gives an introduction to amplification by 
solid-state maser techniques. Emphasis is placed on the three-level 
solid-state maser. The relevant physical properties of paramagnetic 
salts are discussed. The basis of the three-level excitation method is 
reviewed. Some design considerations are given. The design and 
performance characteristics of a particular device are mentioned. 


INTRODUCTION 


ASERS (microwave amplifier by stimulated 
M. emission of radiation) offer the possibility of 

amplification with very low-noise figures. With 
suitable regeneration they may be converted into oscil- 
lators having a high degree of spectral purity. 

The interaction medium consists of “uncharged” mag- 
netic or electric dipoles. It is partially because of the 
lack of any charge fluctuations that these devices may 
exhibit low-noise characteristics. The medium is main- 
tained in such a state that it presents negative loss or 
gain to incident radiation. 

Beam-type masers,! because of their high stability, 
make excellent frequency standards. It is, however, just 
the properties that give them high stability, namely a 
high molecular Q and a fixed frequency, that limit their 
versatility as easily tunable broad-band amplifiers. In 
these respects solid-state masers offer advantages. The 
three-level maser now appears to be the most useful of 
the solid-state types since it amplifies in a continuous 
manner and its high permissible spin concentration 
leads to relatively large gain bandwidth products. 


* Manuscript received by the PGMTT, September 23, 1957. 

+ Bell Telephone Labs. Inc., Murray Hill, N. J. 

1 J. P. Gordon, H. J. Zeiger, and C. H, Townes, “The maser—new 
type of microwave amplifier, frequency standard, and spectrometer, 
Phys. Rev., vol. 99, pp. 1264-1274; August, 1955. 


A review article on masers by Wittke has appeared.’ 
It discusses the basic fundamentals as well as giving a 
brief description of each type. The purpose of the pres- 
ent article is to discuss in more detail the three-level 
solid-state maser. 

The next section reviews some of the physical proc- 
esses involved in the operation of the device. The follow- 
ing section discusses the three-level excitation method 
and the properties of suitable materials. Some remarks 
are then made about design considerations and the de- 
sign and performance of a particular 6-kmc device is 
mentioned. 


PROPERTIES AND PROCESSES OF THE MEDIUM 
General Remarks 


The maser medium consists of an ensemble of atomic 
magnetic moments or “spins” in the solid state. The 
individual dipoles may take up only certain discrete or 
“allowed” energy states as a result of interaction with 
crystalline electric and applied magnetic fields. 

Since the medium chosen is such that the mutual in- 
teraction between dipoles is weak, the entire ensemble 
may be treated statistically as though all of the par- 
ticles are distributed over the allowed states of an indi- 
vidual particle. 

This system is referred to as the spin system. Inter- 
actions occur within the spin system and between the 
spin and the remainder of the crystal lattice as well as 
with a radiation field. These interactions are now dis- 
cussed. 


27. P. Wittke, “Molecular amplification and generation of micro- 
waves,” Proc. IRE, vol. 45, pp. 291-316; March, 1957. 
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Spin-Spin Relaxation or Dipolar Interaction 


Interactions within the spin system have been ex- 
amined by several authors. A heuristic treatment is 
given here. Consider the case of a spin surrounded by 
neighboring spins and subject to a magnetic field H ap- 
plied in the Z direction as depicted in Fig. 1 where only 
one neighbor is shown. Spin (a) will be subject not only 
to the applied magnetic field but also to the magnetic 
fields of its neighbors. The field of a neighbor may be 
resolved into two components, one parallel to H, the 
other perpendicular to H. 


(a) (b) 


Fig. 1—Two neighboring spins (a) and (b) are depicted as 
precessing in an applied magnetic field. H. 


The parallel component is added to H. Since the Z 
components of the neighbors are randomly distributed, 
this will cause a distribution of Larmor precession fre- 
quencies about that determined by H. This effect is 
known as “inhomogeneous spin-spin broadening” since 
its effect is closely related to the application of an in- 
homogeneous-magnetic field over the sample. 

The transverse component of the precessing spin (b) 
will cause an rf magnetic field at spin (a) with a fre- 
quency equal to the Larmor frequency of (b). If spins 
(a) and (b) are equivalent, that is, if they have the same 
Larmor frequency, then this rf field is of the correct fre- 
quency to induce resonance in (a) and vice versa. Be- 
cause this energy exchange reduces the lifetime of the 
spin states, it will broaden the resonance line. This 
“homogeneous spin-spin broadening” provides a mecha- 
nism whereby energy is transferred throughout the spin 
system. The interaction tends to keep the spin system 
in internal equilibrium and to destroy any coherence or 
phase relationships between spins in a characteristic 
“spin-spin relaxation time.” 

It is apparent that inhomogeneous broadening always 
occurs. Homogeneous broadening, however, is dominat- 
ing only when nearby spins are equivalent. When all 
spins are equivalent the broadening of the resonance line 


? M. H.L. Pryce and K. W. H. Stevens, “The theory of i 
resonance—line widths in crystals,” Proc, Ph hecedee aoe 
Sean oct roc ys. Soc. A, vol. 63, pp. 
_ 4J.H. Van Vleck, “The dipolar broadening of i 
lines in crystals,” Phys. Rev., vol. 74, pp. 1168-1 Tope 1045. 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


January 


by homogeneous broadening is the greater effect. The 
magnitude of the dipolar interaction depends upon the 
spin concentration. In practice it is controlled by “mag- 
netic dilution” that is, mixed crystals are grown in 
which the magnetic atoms are partially replaced by 
isomorphous diamagnetic atoms. 


Spin-Lattice Interaction 


Thermal motion of the crystal lattice gives rise to time 
dependent crystalline electric fields. These fluctuating 
fields act on the orbital motion of the electron and then. 
via the mechanism of spin-orbit coupling on the spins. 
This provides a means whereby energy may be trans- 
ferred between the spin system and the crystal lattice 
which is usually treated as a heat sink at the bath tem- 
perature. This thermalizing or spin-lattice relaxation 
process is temperature dependent, the relaxation time 
increasing as the temperature is lowered. 

A simple but important relationship between relaxa- 
tion times may be obtained as follows. Consider a simple 
two-state system as depicted in Fig. 2 with N=n,;+n; 
particles distributed over the states and with relaxation 
times Tnm as shown. The energies of the states are E; 
and E; with Vy od iy Then 


8. jes ip 
_—_—_— = ie if —- nN; a 
dt J j 7 4 


(1) 


E; Nj 


Fig. 2—Two states with energies E; and E; and spin populations n i 
a Ni os shown. Spin-lattice relaxation times between states are 
indicated. 


In Boltzmann equilibrium at temperature T, dn;/dt=0 
and n; and n; assume their equilibrium values N; and 
N;. Thus 


Ti3/T3: = Ni/Nj = eGFi-Eo er, (2) 


Although (2) has been derived for only a two-state sys- 
tem, it may be shown to apply toa multistate system by 
solving simultaneously all of the rate equations. 

Spin-lattice interaction shortens the lifetimes of the 
states and thus broadens the resonance line. A review 
of spin-lattice interaction is given by Cooke® 
Gorter.® 


and 


Spin Temperature 


It is frequently convenient to retain the form of the 
Boltzmann relation (2) even when the spin system is 


5 A. H. Cooke, “Paramagnetic relaxati 5 
Ps, vol 15, on 276-204; oe axation effects,” Rep. Prog. 
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not in thermal equilibrium with the lattice. If the popu- 
lations of two spin states (Fig. 2) are m; and n; then a 
spin-temperature 7, is defined by 


nifnj = eBi-Bid kT s, (3) 


That is, JT, is used as a measure of the ratio n,;/n; even 
when thermal equilibrium is nonexistent. If 


tie te ethen 2. .> 0, 
aot then 7 — a oO. 
ja<es ethens 7, < 0: 


The last case that of negative spin temperatures may be 
caused by “population inversion.” Negative spin tem- 
peratures are “hotter” than positive spin temperatures. 
From (3) one finds that 


n; — nj = n,[e@i-B/kTs — 4], (4) 


Since (E;—£;)/kT; is usually small when dealing with 
microwave frequencies 


R 


N 
[e(Bi—Es) kT — 1] (E; = E;)/kT, and Ny a 


and (4) becomes 


R 


Ny — Nj 


N 
>) (E; — E;)/RT:. (S) 


Stimulated or Induced Emission and Absorption 


A particle may exchange energy with an incident ra- 
diation field in accordance with the Bohr frequency 
condition 


E; — E; — hy; (6) 


emitting or absorbing a photon of frequency v;; depend- 
ing on whether E;> or <E;; h=6.6 X10-* erg seconds 
is Planck’s constant. 

This energy exchange is governed by certain transi- 
tion probabilities Wi; which are products of transition 
probability coefficients w,; and the square of the field 
amplitude. Thus 


Wa = wi He? (7) 


w;; is a complicated function that depends on the nature 
of the states 7 and j as well as on the nature of the radia- 
tion field. The relevant field vector may be either Ex or 
H+, Het is used in (7). Frequently wi;=0 in which case 
the transition is said to be “forbidden.” As a conse- 
quence of the fact that the coefficient wij contains the 
square of a matrix element connecting states 2 and J, 


Wii. (8) 


That is, the probability for induced emission is equal 
to that for induced absorption. Consider the two- 
state system depicted in Fig. 3, radiation of frequency 
py =(E;—E,)/h is incident. 

The total power absorbed is P,j xnwjH’, and the 
total power emitted, Py xnjwiHs. Hence using (5); 


Vi = 
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(6), and (8), the net power absorbed is 
h, 


Pave Ors 


WioH 5”. (9) 
So far it has been tacitly assumed that the energy levels 
are sharp, corresponding to zero width for the resonance 
line. In practice because of the broadening effects of the 
relaxation processes the resonance line will have some 
frequency spread Av. As expected the broader the line 
the less the intensity of absorption. Thus (9) may be re- 


written 
il 
Pabs « Tr. = wa Ee 


5 AND 


(10) 


where the constants have been dropped. In this case the 
absorption is a magnetic one and macroscopically it 
would be represented as 


(Paps ory oes ei) 


where x’’ is the imaginary component of the magnetic 
susceptibility of the material. Since the bracketed term 
in (10) depends only on the state of the material 


vt 


dt N 1 (12) 
CoS === Wig. 
x 12, 12 
ey Nj 
nevi 
Ej Nn 


Fig. 3—Two states with energies E; and £; and spin populations ; 
and n; are shown. Radiation of frequency v;; is depicted as induc- 
ing transitions. 


In thermal equilibrium, 7,;>0 and both Pabs and x”’ 
are positive corresponding to positive losses. In a maser, 
population inversion corresponding to 7, <0 is produced 
and both Pabs and y’’ become negative corresponding 
to negative loss or gain. The stimulated emission may 
be shown in a more sophisticated treatment”'® to be co- 
herent with respect to the incident radiation. Thus, in 
the case of a negative temperature material the ampli- 
fied output signal is phase related to the input signal, 


Spontaneous Emission 


In addition to stimulated emission and absorption, 
there is the process of spontaneous emission which oc- 
curs in the absence of applied radiation. The mechanism 
may be considered to be that of stimulated emission 
induced by the zero point oscillations of the vacuum. 


7L,. I. Shiff, “Quantum Mechanics,” McGraw-Hill Book Co., 

.. New York, N. Y.; 1955. i 
Des Heiner “The Quantum Theory of Radiation,” Oxford 
University Press, New York, N. Y.; 1954. 
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Spontaneous emission tends to maintain thermal 
equilibrium between a particle system and the radiation 
field. This is in contradistinction to the nonradiative 
relaxation processes which tend to maintain equilibrium 
between particles. 

The transition probability for spontaneous emission 
is «», Although it is an important thermalizing process 
at optical frequencies, its effects are negligible compared 
with relaxation processes at microwave frequencies. 

Spontaneous emission is, however, of great impor- 
tance to a maser. Because it is radiative and independ- 
ent of any incident radiation it is the ultimate source of 
noise in such a device. 


Power Saturation 


It is evident from (9) that resonance radiation tends 
to equalize populations. If n;>n,; there is a net absorp- 
tion of energy and a net drift of particles from the lower 
to the higher state. Thus the population difference 
n;—n; decreases. This process would continue until 
n;=n,; if it were not for the spin-lattice relaxation which 
tends to maintain Boltzmann equilibrium. 

If the power level is low the relaxation process is pre- 
dominant. At high-power levels, however, there will be 
appreciable departures from thermal equilibrium. In 
practice the populations may be essentially equalized. 
This is known as a condition of power saturation. A de- 
tailed discussion of this effect is given by Portis.® 


THE THREE-LEVEL MASER 
The Three-Level Excitation Method 


In a maser an emissive or negative temperature con- 
dition is produced. One way of achieving this continu- 
ously is the three-level method. This method was sug- 
gested by Basov and Prokhorov; its application to the 
solid state was proposed by Bloembergen.! 

Consider an ensemble of particles distributed over 
three energy levels as shown in Fig. 4. 

Nonzero transition probability coefficients are as- 
sumed to exist between all states. Particles will tend to 
drift between states with the indicated spin-lattice re- 
laxation times. In the absence of radiation-thermal 
equilibrium at the lattice temperature T will exist and 
the populations will be those of Boltzmann N;, N2, and 
Ns. Resonance radiation of frequency vs: (henceforth 
called the “pump”) will induce transitions between 
states 1 and 3 and disturb thermal equilibrium, and a 
new population distribution m, m2, and n3 will occur. If 
the pump is sufficiently powerful it will overcome relax- 
ation processes; in practice populations m, and ng will be 
essentially equalized. The rate equation for n) becomes 


° A. M. Portis, “Electronic structure of F centers: i 
the electron spin resonance,” Phys. R See oiieioie 
September ieee ys. Rev., vol. 91, pp. 1071-1078; 
10 N. G. Basov and A. M. Prokhorov, “Possible meth d 
ee 5 , f ob- 
taining active molecules for a molecular oscill 2 ‘cper. Th 
Pixs, USK vol as 184: qeeeioEs scillator,” J. Exper. Theoret. 
. Bloembergen, “Proposal for a new t i i 
Phys. Rev., vol. 104, pp. 324-327; October, 1956. ca aan 
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Fig. 4—Three states with associated energies, populations and spin- 
lattice relaxation times are depicted. Radiation induces transi- 
tions between states 1 and 3. 


dng Ny N3 nN ne 
= + or = (13) 
dt Ti2 T 32 T21 T 23 
In the steady state dn2/dt=0 and since m,=n; 
n3 nN1 1/T21 + 1/T23 
= = SS ee (14) 
ne Ne 1/Ti2 ae 1/T 32 


but Ni/T»2= N2/Ta and No/T23 = N3/T32 from (2 and 
(14) becomes 


(15) 


ne ne 


It is seen that 
N3/N2 > 1 or m2/m, > 1 as the right-hand side > or < 1. 


In either event gain will occur; in the first case for radia- 
tion of frequency v32, in the second case for radiation of 
frequency vx. It is possible theoretically for n3/N2 
=n2/m,=1 but this requires a most unlikely combina- 
tion of parameters in (15). 

For high gain a large population inversion is required. 
Two extreme cases may be distinguished. 

1) T32/T2+1. Appreciable inversion will occur if 
N3/N, differs greatly from N2/N,. Since these Boltz- 
mann ratios are related to the frequencies 13. and Vx by 
equations of the form (2) and (6), it is seen that there 
must be a large ratio for the frequencies v3 and Vou. 
Further, the negative spin temperature will occur at the 
lowest frequency. This in turn requires a large ratio of 
pumping to signal frequencies. Although this approach 
is perhaps useful at low frequencies because of its sim- 
plicity, it has definite disadvantages in a high-signal 
frequency application. 

2) Ns/N2~ N2/N, that is v3.~vq. Appreciable inver- 
sion will occur only if Ts: differs greatly from T- 2 and the 
negative temperature and gain will occur at that fre- 
quency with the longest associated relaxation time 
Somewhat meager experimental data indicates that Bich 
relaxation times are usually about equal. One method 
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for producing large relaxation time ratios has been dem- 
onstrated.” A small amount of paramagnetic impurity 
is introduced into the lattice in such a way that its 
resonance frequency is equal to one of the resonant 
frequencies of the active material. Resonant spin-spin 
interaction and energy exchange then occurs between 
the impurity and one pair of levels of the active material 
but not for the other pair. This mechanism effectively 
“short circuits” one relaxation time without affecting 
the other. This doping technique would appear to be of 
value in a high-frequency maser. Although it puts an 
additional restriction on the choice of material, this does 
_not appear prohibitive. 

In both of the above cases it is evident that if appre- 
ciable population inversion is to occur then both N:/N, 
and N2/N, should be small. This suggests the use of low- 
bath temperatures. It is evident that the two frequen- 
cies ¥32 and v2; should not be exactly equal. Otherwise 
a signal would simultaneously see gain and loss, a nega- 
tive temperature at one transition being accompanied 
by a positive temperature at the other. 

Some remarks are in order regarding the applicability 
of the simple theory of the three-level excitation method 
as outlined above. The populations m; and m3 may never 
be exactly equal. The presence of a strong signal at 

-either vz: or vo; will affect the population distribution. 
Both effects may be taken into account by solving simul- 
taneously the three-rate equations for m1, m2, and ns; in- 
cluding the radiation. For instance a strong signal at the 
amplifying frequency will reduce the population in- 
version and hence the gain—the device is self-limiting. 

At first sight the frequency relationship v21+v32 =V31 
may suggest that the device operates because of non- 
linearities. If, however, the device operates as described 
here, this cannot be the case. For instance, it has not 
been necessary to take into account the phase of the 

- radiation. Furthermore, if the device is in an amplifying 
condition then the pump may be turned off and amplifi- 
cation will persist for a time determined by the spin- 
lattice relaxation. However, it is possible to drive such 
a three-level system so that it behaves in a nonlinear 
fashion. This condition has been investigated by 
Javan," Clogston,* and Prokhorov.* In order to 
achieve nonlinear operation, it is necessary for the radia- 
tion to be sufficiently powerful to overcome the disor- 
dering effects of spin-spin interaction and thereby create 
coherence in the spin system. Under these conditions, 
mixing and conversion gain are possible. Such a device 
would appear to be closely related to a parametric-type 
amplifier. In order for the linear theory given here to be 
applicable the pump must be sufficiently powerful to 


12 G, Feher and H. E. D. Scovil, “Electron spin relaxation times 
in gadolinium ethyl sulphate,” Phys. Rev., vol. 105, pp. 760-762; 
anuary, 1957. 
: 18 gan “Theory of a three level maser,” Phys. Rev., pp. 1579- 
1589; September, 1957. : 

“A.M. Clogston, “Susceptibility of the three level maser,” J. 
Phys. Chem. Solids, in press. F 

18 A. M. Prokhorov, “Theory of the Three Level Maser.” paper 
presented at URSI Meeting, Boulder, Colo; September, 1957. 
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overcome the spin-lattice relaxation only and produce 
power saturation, but it must not be so powerful as to 
overcome spin-spin relaxation and produce a coherent 
ordering of the spin system. Essentially, this imposes a 
restriction on the material namely the spin-spin relaxa- 
tion time must be much shorter than the spin-lattice 
relaxation time. 


Some Remarks on Paramagnetic Salts 


Ionically bound paramagnetic salts appear to be a 
particularly fruitful source of suitable materials for a 
three-level solid-state maser. The theory of such ma- 
terials has been reviewed by Bleaney and Stevens!* 
and experimental data on them has been reviewed by 
Bowers and Owen.!7 

When an atom enters into chemical combination the 
magnetic moments associated with its valence electrons 
are usually “paired off” resulting in a diamagnetic struc- 
ture. Certain elements belonging to the “transition 
groups” have incomplete inner electron shells. When 
these atoms enter into a chemical compound the mag- 
netic moments associated with the inner shells are not 
always “paired off” and a paramagnetic material results. 

The relevant inner shells are those of the 3d, 4d, 5d, 
4f, and 5f electron configurations. The corresponding 
groups are known as the iron, palladium, platinum, rare 
earth, and transuranic groups. In maser applications 
only the iron and rare earth groups would appear to be 
attractive. The palladium and platinum groups have a 
strong tendency to form diamagnetic covalent com- 
plexes and it is difficult to control the spin concentration 
by magnetic dilution methods in the few remaining 
paramagnetic materials. The transuranic group is for 
the most part strongly radioactive. 

The number of useful ions is further reduced by the 
requirement of having at least three low-lying and 
therefore appreciably populated energy levels. Effec- 
tively this leaves Nit*, Cr*** Fhe 4) GdiaMin 
and V++. The last two ions exhibit extensive hyperfine 
structures and except in extremely wide-band applica- 
tions this has the effect of reducing the useful spin con- 
centration. 

The paramagnetic ion in the solid state is subject to 
strong crystalline electric field gradients. These felds 
produce strong perturbations of the electronic orbital 
motion. The electron spin is coupled to these orbits by 
spin-orbit coupling. The resulting states are compli- 
cated admixtures of orbital and spin-wave functions. 

Fortunately, the magnetic behavior of the lowest 
lying group of states may be described by the use of a 
“Spin-Hamiltonian” which requires no detailed knowl- 
edge of these effects. 

Essentially one may ignore the correct but compli- 
cated wave functions and simply characterize the lowest 


16 B. Bleaney and K. W. H. Stevens, “Paramagnetic resonance,” 
Rep. Prog. Phys., vol. 16, pp. 108-159; 1953. 

11K. D. Bowers and J. Owen, “Paramagnetic resonance II,” Rep. 
Prog. Phys., vol. 18, pp. 304-373; 1955, 
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lying group of states by a single quantum number.S” 
known as the “effective spin.” S’ is defined by equating 
2.S’+1 to the number of energy levels making up the 
ground state. In special cases S’ is equal to the true-spin 
S but this is not necessarily so. 

The ground state is now treated as a magnetic dipole 
which may assume 2’+1 orientations in an applied 
magnetic field. The effective magnetic moment of this 
dipole depends upon the correct wave functions but may 
easily be found by experiment. The effective spin is 
however not free since, unlike a real spin, it is affected 
by the crystalline electric field which produces a “Stark 
splitting” of the energy levels. This Stark energy must 
be taken into account along with the magnetic energy 
when describing the behavior of the states. The Hamil- 
tonian 3C thus consists of a sum of magnetic and Stark 
energy operators which are to be applied to the effective 
spin states. The entire magnetic behavior of the ma- 
terial may then be described simply by specifying S’ 
and a few constants. 

The magnetic energy or Zeeman operator is simply 
g:BH-S where B is the Bohr magneton =9.21 X107?! 
Gauss cm? and g is the “spectroscopic splitting factor” 
or “effective g.” g8S may be termed the effective mag- 
netic moment. In most maser applications g will have 
a value near 2 and be almost isotropic. 

Assuming that the crystalline potential is an electro- 
static one it may be expanded in spherical harmonics as 


V = >> An V,,(0, $). 


To find the corresponding Stark energy operators one 
may follow a method given by Stevens.!® A brief heuris- 
tic treatment is given here. 

First of all one observes that the number of operators 
is finite. This is because the electron wavefunctions may 
also be expanded in spherical harmonics and d and f 
wavefunctions do not contain harmonics for which 
n>4 and 6, respectively. When forming the integral of 
the matrix elements of V all terms, for which »>4 and 
6, respectively, vanish by the orthogonality relations 
for spherical harmonics. Similar arguments show that 
only terms for which x is even need be retained. The 
term »=0 may be dropped since it is just an additive 
constant. Further reduction occurs by taking into ac- 
count the symmetry properties of the crystal. Finally, 
when looking for operators to be applied to states of the 
effective spin S’ it is necessary to retain only those 
operators that have matrix elements spanning the 
manifold of S’. The remaining spin operators are now 
formed in such a manner that they transform under 
rotation as do the corresponding terms of the crystalline 
field expansion. 

For most maser applications the following Hamil- 
tonian provides an adequate description, where S+ 
=S,+4S,. S, Sz, S,, and S, are the usual spin operators 


18K, W. A. Stevens, “Matrix elements and operator equivalents 
connected with the magnetic properties of the rare earth ions,” Proc. 
Phys. Soc. A, vol. 65, pp. 209-215; March, 1952. 
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and may be considered to be the quantum equivalent of 
the corresponding classical spin mechanical momenta. 


30 = g-BH-S + D|Sz? — 1/35(S + 1)] 


+ 1/2B[S,2 + S_*] (16) 
where 

S is the effective spin (the prime being dropped), 

g and 6 have already been described, 

D and E are constants determining the strength of the 
Stark interaction, 

g, D, and E are conveniently found by experiment. 
Values for various materials are given by Bowers 
and Owen.!? 

The operator [Sz?—45(S+1) ] represents a term of axial 
symmetry and corresponds to the harmonic Y,°. The 
operator [.S,2+S_2] represents a term of rhombic sym- 
metry and corresponds to the harmonic Y,?. Although 
additional terms may exist they are usually small. 

The ions Nit+, Crt++, Fet++, and Gdt** have effec- 
tive spins 1, 3/2, 5/2, and 7/2 respectively. 

The material may be utilized in several ways. Some 
of these are now illustrated. 

Case 1—H Applied Parallel to the Symmetry Axis Z, 
S=3/2: Consider initially only the first two terms in &. 
The energy levels as a function of H are as shown in 
Fig. 5, opposite. For H=0 there is an initial splitting into 
two pairs of degenerate states by the Stark field—a posi- 
tive sign is assumed for D. The usual type of magnetic 
dipole transitions corresponding to the selection rule 
ASz= +1 are permitted. These transitions require that 
the rf magnetic field be perpendicular to H as in the 
classical gyroscopic model. It is seen that three energy 
levels with the requisite transitions exist in the region 
near point A. At higher magnetic fields, above “cross- 
over” maser operation may not occur since although the 
energy levels are available no “double jump” transitions 
are permitted for the pump. 

Consider now the addition of the last term in 3¢. The 
term 3E[S,2+S_?] has only off diagonal matrix ele- 
ments. It will have two effects. Depending on its mag- 
nitude it will shift the positions of the energy levels. 
However, it will also admix spin states differing by 
ASz= +2; e.g., the original state Sz= —3/2 will now 
be an admixture of the states Sz = —3/2 and S;= +1/2. 
As a result of this admixture transitions of the ASz=0 
type are permitted when the rf magnetic field is parallel 
to H. These transitions correspond to double jumps and 
hence the requisite transitions for both signal and pump 
are now available in the region above crossover. In the 
high-field region the double jump transition probability 
is « (E/gBH)?. 

Case 2 A pplied Perpendicular to the Symmetry Axis, 
s =3/2* Consider again only the first two terms in 5e. It 
is convenient to rewri i i ini 
the Z direction. AL ecient Has 

onian becoines 


K = gBHSz — 1/2D|Sz? — 1/3S(S + 1)] 


+ 1/4D[S.2 + S_2]. (17) 
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Fig. 5—Energy levels are shown as a function of magnetic field H 


when 4 is parallel to the crystalline symmetry axis. S=$. 
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Fig. 6—Energy levels are shown as a function of magnetic field H 
when H is perpendicular to the crystalline symmetry axis. S=3. 


The energy levels as a function of H are shown in Fig. 6. 
The requisite energy levels are available and so are 
the required transitions. It will be noted that the applica- 
tion of the magnetic field perpendicular to the symmetry 
axis has in effect created a term [.S,?+.S_?] even though 
there is no term E of rhombic symmetry in the crystal- 
line field. The resulting admixture again permits transi- 
tions of the ASz=0 type. This transition probability is 
« (D/g8H)? in the high-field region. 

Case 3—H =0, S=1: If all the terms in & are zero the 
ground state has a threefold degeneracy in spin. The 
term [Sz?—4S(S+1) | partially removes the degeneracy 
leaving the states Sz= +1 still degenerate as shown in 
Fig. 7. The term [.S,2-+.S_?] removes the remaining de- 
generacy. All transitions are permitted. This particular 
mode of operation has been suggested by Bowers and 
Mims!* and has the advantage that no applied magnetic 
fields are required to produce the requisite energy level 
scheme. 

It is apparent that materials must be chosen for a 
particular mode and frequency of operation. In particu- 
lar crystalline field parameters must be chosen such 
that the appropriate transition probabilities are sufh- 
cient. Materials with a wide range of D and E are avail- 
able to make this possible. 

Once the material, frequency and mode of operation 


19 K. D. Bowers and W. B. Mims, “Three Level Maser Without a 
Magnetic Field,” paper presented at Conference on Electronic Tube 
Research, Berkeley, Calif.; June, 1957. 
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Fig. 7—Energy levels for S=1 are shown. (a) illustrates the effect of 
the axial terms [.S,?= §$ S(S+1)] only. (b) illustrates the combined 
effect of the axial term and a rhombic term [S,2+S_?]. 


are fixed, the transition probability coefficients w,; may 
be computed by standard techniques cf Bleaney and 
Stevens!® and the susceptibility evaluated. 

In addition to having the requisite energy levels and 
transition probabilities the material must satisfy addi- 
tional requirements. The spin-lattice relaxation time 
must be fairly long in order for the pump to produce 
power saturation with reasonable powers. The ions 
Nit+, Crt++, Fet++, and Gd*** normally have suffi- 
ciently long relaxation times at liquid helium tempera- 
tures. 

In some materials crystalline field dislocations may 
produce appreciable inhomogeneous broadening of the 
resonance line. Inhomogeneous broadening from either 
crystal dislocations or nonresonant spin-spin interaction 
appears undersirable. Computations by Mims”° show 
that under certain conditions of inhomogeneity a three- 
level maser will fail to exhibit gain. It appears desirable 
to increase the concentration of active spins to the point 
where homogeneous spin-spin broadening is the domi- 
nant line width determining mechanism. Further in- 
crease in concentration should be limited by bandwidth 
requirements since the pumping power is increased 
along with the concentration. In order to control the 
spin concentration, it is necessary to select a material 
such that it may be “magnetically diluted” with an 
isomorphous diamagnetic element; e.g.,diamagnetic 
Al+++ is frequently used to dilute paramagnetic Cr***. 


SoME DESIGN CONSIDERATIONS 
Design Considerations Relating to the Materval 


1) Gain—the intrinsic gain is proportional to x’’. 
Eq. (13) indicates that a high-spin concentration 
is desirable and that Av should be small. These two 
requirements are not independent. There is always 
some minimum Ap arising from inhomogeneous 
broadening. Once the spin concentration is in- 
creased to the point where homogeneous broaden- 
ing between active spins is the line width deter- 
mining mechanism Ay is approximately propor- 
tional to N and further increase of N has little ef- 
fect on the gain. Relation (13) indicates that a 
small negative T's is required—this infers a low 
bath temperature and appropriate relaxation time 
and frequency ratios. 


20 W. B. Mims, private communication. 
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2) 


3) 


4) 


5) 


6) 


7) 
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Bandwidth—the intrinsic bandwidth is approxi- 
mately proportional to Av if homogeneous broad- 
ening is predominant. 

Pumping power—this increases as the spin-lattice 
relaxation time decreases and suggests the de- 
sirability of low bath temperatures. It increases 
with the spin concentration and consequently ex- 
cessive concentrations should not be used. The 
pump transition probability shou'd be sufficiently 
high for the pump to be effectively matched to the 
material losses. If liquid helium is used as a re- 
frigerant, pumping powers of a few milliwatts ap- 
pear reasonable since liquid helium boils off at the 
rate of about 1 cc per hour for a power absorption 
of 1 mw. 

Output Power—this is limited by saturation ef- 
fects but will normally be quite sufficient if the 
device is used as a low-noise preamplifter. 
Noise—several authors?!~** have treated the sub- 
ject of noise in masers. The noise of the device may 
be expressed in terms of k7,,B where 7, is the 
effective noise temperature. The computations in- 
dicate that the ultimate noise is that arising from 
spontaneous emission and that the ultimate noise 
temperature is just equal to the magnitude of the 
effective spin-temperature [2 . This again sug- 
gests the desirability of low-temperature operation 
since in a three-level maser large population in- 
versions result only if the bath temperature is low. 
Additional noise may arise from resistive losses in 
the microwave circuit particularly from any parts 
which are at room temperature. With proper de- 
sign it should be possible to keep this last source of 
noise small. 

Refrigerant—the best results are obtained at 
helium temperatures since gain, bandwidth, noise, 
and pumping power requirements all deteriorate 
as the bath temperature increases. In some system 
applications it may be desirable to operate at 
higher temperatures. Liquid hydrogen because of 
its ease of handling and high-latent heat appears 
very attractive. 

Linearity—as previously mentioned, linear opera- 
tion imposes the restriction that spin-spin relaxa- 
tion time be much shorter than spin-lattice relax- 
ation time. Materials which satisfy normal band- 
width and reasonable pumping power require- 
ments will automatically satisfy this condition. 


Design Considerations Relating to the Microwave Circuit 


First of all it is important, particularly from the noise 
aspect, to keep all losses in the microwave circuit to a 


1 K. Shimoda, H. Takahasi, and C. H. Townes 
amplification of quanta with application to mase 
Phys. Soc. Japan, vol. 12, pp. 686-700; June, 1957 

2 R. V. Pound, “Spontaneous emission an 


“Fluctuations in 
r amplifiers,” J. 


d the noise figure of 


maser amplifiers,” Ann. Phys., vol. 1, pp. 24-32; April, 1957. 


*3 M. W. P. Strandberg, “Inherent ‘noise of 


quantum—mechanical 


amplifiers,” Phys. Rev., vol. 106, pp. 617-620; May, 1957. 
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minimum. The simple maser, like a negative resistance 
device, will amplify for both directions of propagation. 
It is important, therefore, to provide some type of non- 
reciprocal isolation between the interaction medium and 
the output load. Since the latter in most cases will be at 
room temperature its available noise power kT 2B 
would otherwise enter and be amplified by the medium 
and return as amplified noise to the load, the result 
would be a minimum noise temperature of 290° for the 
entire device. 

Conceptually, perhaps the simplest maser circuit is 
just a waveguide filled with active material. In this 
case, an input signal increases exponentially as it travels 
down the guide. For reasonable negative imaginary 
susceptibilities, however, such a system would have to 
be several tens of meters long in order to provide useful 
gain. Evidently a slow-wave structure is required so that 
the wave may interact for a longer time with a given 
amount of material. 

The extreme case of a slow-wave structure is a simple 
cavity. Alternatively the cavity may be looked upon as 
a means of supplying regeneration or positive feedback, 
the amount of feedback being dependent on the cavity 
Q. The cavity provides a simple method of obtaining 
high gain in a relatively small volume. The bandwidth 
of such a device is initially limited by the cavity Q and 
then further reduced by the application of the positive 
feedback. A further disadvantage exists because the 
large amount of regeneration normally employed makes 
the device quite unstable at high gains. Frequently, a 
reflection type cavity is used, the input and output sig- 
nals being separated by a circulator which also serves 
to decouple the noisy room temperature load from the 
interaction medium. In practice a cavity resonant at 
both the signal and pumping frequencies is employed, 
the resonant cavity for the pump serving to match the 
pumping power into the positive imaginary suscepti- 
bility associated with the pumping frequency. 

A compromise between the waveguide and the cavity 
is an iterated structure. Such a maser may be made uni- 
directional and hence stable with the use of gyromag- 
netic material. The nonreciprocal material may be a 
ferrite or perhaps the active material itself since the 
classical gyroscopic model is derived from quantum 
mechanical transitions of the ASz = +1 type which have 
been shown to occur in paramagnetic salts. Perhaps the 
most elementary broad-band structure is simply an 
iterated linear array of low Q cavities and ferrite isola- 
tors. The most elegant type of structure appears to be a 
continuously loaded single periodic structure. The de- 
sign of such a structure must be compatible with the 
requirement that the applied magnetic field must have 
specific orientations with respect to the signal and 
pumping rf fields. A further restriction is that it must 
exhibit nonreciprocal properties and the magnetic field 
applied to the active material should be the same feld 
that is responsible for the nonreciprocity. 

The interaction material and the corresponding 
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Fig. 8—The energy levels of Gd*** in the ethyl sulfate for a large 
magnetic field applied perpendicular to the symmetry axis. The 
heavy lines identify the maser levels. 


structure must be immersed in the refrigerant. Stand- 
ard low temperature techniques are available for this. 


SoME DESIGN AND PERFORMANCE CHARACTERISTICS 
OF A PARTICULAR DEVICE 


Design 


A brief description of a 9-kmc three-level cavity 
maser developed at Bell Telephone Laboratories, has 
appeared in the literature.** The 6-kmc device described 
here is essentially a scaled version. 

The material used is a lanthanum ethylsulphate crys- 
tal containing 4 per cent gadolinium and j per cent 
cerium. Lat++ being diamagnetic acts as a magnetic 
diluting agent to reduce spin-spin interaction. Gdttt 
acts as the active paramagnetic. Ce**t acts as a spin- 
lattice relaxation time doping agent. 

Gadolinium ethylsulphate was chosen because there 
was sufficient information available*:** to show that it 
possessed the requisite properties. In a practical applica- 
tion its slight chemical instability and its high room 
temperature dielectric loss are disadvantages. 

Gd+++ being in a pure-spin state has an effective spin 
S’ equal to the true-spin S=7/2. The magnetic be- 
havior is described to a close approximation by the 
Hamiltonian (16) with g~2, D=0.02 cm™ and E=0. 
Although there are a total of eight low-lying energy 
levels only three adjacent energy levels are used as 
shown in Fig. 8. A field of ~1800 ¢ is applied perpen- 
dicular to the symmetry axis and the mode of operation 


% H. E. D. Scovil, G. Feher, and H. Seidel, “Operation of a solid 
state maser,” Phys. Rev., vol. 105, pp. 762-763; January, 1OS7e 

% B. Bleaney, H. E. D. Scovil, and R. S. Trenam, “The paramag- 
netic resonance spectra of gadolinium and neodymium ethyl sul- 
phates,” Proc. Roy. Soc. A, vol. 223, pp. 15-29; April, 1954. 

2% H.A. Buckmaster, “AM = +2 transitions in dilute gadolinium 
ethyl sulphate,” vol. 34, pp. 150-151; January, 1956. 


A (3) length of strip line placed inside the rectangular cavity 
acts as the signal cavity. 


used is that described under Case 2) above. 

The gadolinium ion experiences an inhomogeneous 
spin-spin broadening of ~20 mc from the magnetic 
moments of the protons in the surrounding water mole- 
cules. Consequently the gadolinium spin concentration 
was increased to 4 per cent so that the resulting homo- 
geneous spin-spin relaxation time ~10-® seconds corre- 
sponding to a line width of ~30 mc was predominant. 
The spin-lattice relaxation time of the unperturbed 
transitions is ~10-4 seconds at the temperature of 
liquid helium and hence the material satisfies the re- 
quirements for linear operation. At 1800 @ the energy 
levels are fairly equally spaced and reliance must be 
placed on large spin-lattice relaxation time ratios to ob- 
tain appreciable population inversion. It has been found 
experimentally!” that $ per cent cerium provides ade- 
quate preferential homogeneous spin-spin interaction 
for a sufficient ratio. 

The interaction cavity was not sealed against liquid 
helium for experimental convenience. Liquid helium has 
an appreciable dielectric constant and when boiling at 
4°K at atmospheric pressure the resulting bubbles mod- 
ulate the cavity frequency. In order to prevent this the 
vapor pressure and hence the temperature was reduced 
by pumping, since bubble formation does not occur be- 
low the d point. A temperature of 1.2°K was used. 

A reflection-type cavity is used for the microwave cir- 
cuit; the input and output signals being separated by a 
circulator at room temperature. The particular cavity 
geometry used is shown in Fig. 9. Pumping power at 
~ 11.5 kmc enters through an X-band waveguide which 
is terminated in a tunable rectangular cavity resonant 
in the (3/2)\ mode. The signal propagates along the 
strip line. Inside the rectangular pumping cavity is a 
(1/2) (at 6 kmc) length of a strip line which forms the 
signal cavity. The crystal is mounted at the rf magnetic 
field maximum in the center of the strip cavity. This in 
turn is so positioned that the crystal also sees an rf mag- 
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netic field maximum of the pump. 

The signal, associated with aASz= +1 transition, re- 
quires that the signal rf magnetic vector be perpendicu- 
lar to the large applied dc field. The pump, associated 
with a AS,;=0 transition, requires that its magnetic 
vector be parallel to the dc field. In the cavity geometry 
employed the signal, and pump rf magnetic fields are 
parallel to each other. The applied dc magnetic field is 
oriented at an angle of 45° to the plane of the strip in 
order to have rf field components satisfying the two 
transition probability requirements. 


Performance 


This device was constructed for some initial feasibility 
tests and its performance should not be taken to indi- 
cate the limits of performance which may be expected 
in a more practical device. 

A pumping power of 38 mw was employed, probably 
less than 1 per cent of this being absorbed by the crystal. 
The discrepancy arises from the fact that a low pumping 
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cavity Q provides a poor match. The pumping require- 
ments may be materially decreased by better design. 

With a gain of 20 db the bandwidth is ~100 kc. Al- 
though the material has a line width of 30 mc this in- 
herent bandwidth is not utilized because of the high 
Q(~ 6000) of the signal cavity and the associated posi- 
tive feedback. The regeneration also results in a fairly 
small stability margin. Both bandwidth and stability 
would be improved if an appropriate unidirectional slow 
wave structure was employed. 

The effective noise temperature of the entire device 
including circulator and monitoring equipment was 
~150°K. Most of this noise arose from the excessive, 
and easily reducible, room temperature losses of the 
circulator and monitoring equipment. The noise tem- 
perature of the actual maser was <35°K compared with 
the theoretical value of 4°K (obtained from a spin tem- 
perature of —4°K). The accuracy of the noise measuring 
apparatus was insufficient to allow identification of the 
true maser noise. 


Nonmechanical Beam Steering by Scattering 


from Fertrites* 
M. S. WHEELERt 


Summary—A small aperture radiating circularly polarized energy 
is loaded with a spherical ferrite to produce an electronic beam di- 
recting system. The ferrite is immersed in a static magnetic field 
which is in general at an oblique angle with the undeflected direction 
of radiation. It is shown that radiation is principally in the direction 
of the magnetic field when the polarization is in the negative sense. 
From symmetry this allows beam deflection with two degrees of 
freedom. 

To consider an application for such a device, it is proposed that 
this defiection system be used in conical scan. A mechanization is 
shown which solves the problem in principle, but it is not competitive 
with present mechanical scanners from the point of view of side 
lobes, etc. 


INTRODUCTION 


SE is continually being made of two ferrite prop- 
erties, the Faraday rotation and resonant ab- 
sorption, to produce the many microwave com- 

ponents used today in waveguides and antennas. When 
these principles are applied to beam steering in an- 
tennas, it would seem that the properties of the ferrite 
are used in an indirect manner. Alternately, it should be 
possible to use ferrites directly to produce a deflection as 


* Manuscript received by the PGMTT, May 20, 1957; revised 


manuscript received, August 5, 1957. 
| Westinghouse Electric Corp., Air Arm Div., Baltimore 3, Md. 


the energy is passed through and over the ferrite. Such 
an effect was reported by Angelakos and Korman.! 

It would be required that the ferrite be immersed in a 
large fraction of the radiated energy, and yet the ferrite 
must be relatively free from boundaries in such a man- 
ner that the energy would be free to change direction. 
The asymmetry, which is controlled and used to change 
beam direction, would be the relatively static saturating 
magnetic field to which direction all of the anisotropic 
properties of the ferrite are referred. 

The advantages of such a beam-steering device are 
obvious: no mechanically moving parts are necessary. 
Less control power would be required, low-temperature 
starting would cease to be troublesome, and higher oper- 
ating speeds could be achieved with a ferrite as com- 
pared to a corresponding mechanical deflection system. 
However, to be practically useful, it would be required 
that a ferrite scatterer have low dissipative loss, that it 
be made relatively reflectionless, and that a sufficient 
degree of beam perfection be achieved considering cross 
polarization and extraneous side lobes. 


1D. J. Angelakos and M. M. Korman, “Radiati i 
filled apertures,” Proc. IRE, vol. 44, pp. tas tger Ouhbee ose 
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MECHANIZATION OF CONTROLLABLE 
SCATTERING BY FERRITE 


It is possible to visualize the mechanism for beam de- 
flection from the previous discussion and from considera- 
tion of symmetry. Consider a waveguide radiating from 
an open end. The beam, formed along the waveguide 
center line, is to deflect symmetrically in azimuth and 
elevation. This symmetrical deflection, it would appear, 
could be most easily achieved with a circular waveguide 
and circular polarization of the incident energy. This 
condition is not a fundamental requirement, but it does 
produce a practical system and achieves the required 
symmetry automatically. 

The ferrite would have to be near the end of the wave- 
guide. When too far out of the guide, the ferrite inter- 
cepts only a small amount of the energy; when too deep 
in the guide, beam deflection is prevented by the guide 
walls. Considering now only uniform static magnetic 
fields, there would be, in general, two components— 
one axial which can produce no deflection because of its 
symmetry, and one transverse which is the only inten- 
tional asymmetry and the only source of the expected 
beam deflection. 

The source of this static magnetic field may be a com- 
bination of permanent and electromagnets surrounding 
the ferrite. While it has been found possible to place the 
magnets internal to the ferrite resulting in very low con- 
trol power, several practical considerations lead to the 
placing of the magnets external to the ferrite. In Fig. 1, 
a typical magnet-ferrite combination is shown from 
which considerable data have been taken. 

TRANSVERSE 4 U-SHAPED 


FIELD POLE PIECES 
WINDING 


FERRITE 
SPHERE 


Fig. 1—Magnetic circuit for supplying oblique magnetic field. 


An axial-field winding surrounds the end of the wave- 
guide. Covering the axial-field winding in part, are tour 
U-shaped pole pieces which complete the external mag- 
netic circuit for the axial winding and at the same time 
provide a core upon which the transverse windings are 
placed. The U-shaped pole pieces thus provide both 
axial and transverse components of the static magnetic 
field. The transverse field magnetic circuits in both 
azimuth and elevation are closed around the periphery 
of the whole assembly by a soft iron ring. The transverse 
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magnetic field path might be visualized in section A-A’ 
of Fig. 1 as crossing the sphere, dividing in the U-shaped 
pole pieces, and proceeding to the outer ring where it 
again divides to return to the opposite pole piece around 
the outside diameter. The axial-field path might be 
visualized in the first cut of Fig. 1. As the axial field 
crosses the sphere, it splits four ways, returning to the 
opposite side of the sphere through the U-shaped pole 
pieces which also conduct the transverse field. The total 
static magnetic field in the ferrite is thus an oblique 
field which is the vector sum of three mutually perpen- 
dicular magnetic fields. The ferrite itself is shown im- 
bedded in a teflon support which centers the ferrite and 
maintains propagation in the necked-down waveguide 


DIPOLE MODEL FOR SMALL SPHERE IN A PLANE WAVE 


Unfortunately, the deflection system as described 
above has not proved susceptible to analysis. It is in- 
structive, however, to apply the work of Berk and 
Lengyel? for small spheres in plane waves. A coordinate 
system is shown in Fig. 2 where the static magnetic field 
is along the Z axis, and propagation is along the Z’ axis 
which is tipped at an angle @ with respect to Z. 


Z 


H (SATURATING FLELD) 


SPHERE OF 
RADIUS 


My 


My \ MAGNETIC 
DIPOLES 


Fig. 2—Coordinate system for a small sphere of ferrite in a 
plane circularly polarized wave. 


Here the é vectors are unitary along their respective 
axes. An elliptically polarized incident wave is assumed 
propagating in the Z’ direction—h = (hoz’é 2» tjhwey’) 
exp (jwt—I'Z’). Then in the notation of Berk and 
Lengyel, a field is found external to the sphere consisting 
of the original field plus a dipole field. The sphere will be 
assumed saturated in the Z direction: 


H = ézhoz! + yj COS Ohoy’ + e2f Sin Oho,’ 
Wer —13 0 OLN ONS 
+ (Di, — Da") E ever = 


r°® 7 


POLY, 
= (Dre 2y) fe elt ae a na 


2A. D. Berk and B. A. Lengyel, “Magnetic field in small ferrite 
bodies with applications to microwave cavities containing such 
bodies,” Proc. IRE, vol. 43, pp. 1587-1591; November, 1955. 
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If now three mutually perpendicular dipoles are as- 
sumed at the sphere on the xyz coordinates of magni- 
tudes mz, m,, and m,, it can be shown that the scattered 
portions of the field outside the ferrite can be repro- 
duced by letting 


hoy: 
(uw? — x? +y—2) +3 cos 6 —— 
il Noz 


Ca dS Fe ed ee 


0x’ 


h ’ 
(u2 — «?+ p — 2) EE BE 


m =—j 


Arpohoz’ (2)? ce? 


me = 0. 


From this dipole orientation, it can be seen that the 
direction of maximum scattered energy is along the axis 
of the magnetic field. Then, if means were found to 
block the overriding plane incident wave, a beam would 
have been formed principally along the axis of the static 
magnetic field. There are three other significant observa- 
tions that can be made regarding the scattered energy. 
First, with an incident circularly polarized wave 
(hoy = +hoz) and no deflection (9=0), the scattered 
wave is circularly polarized. As deflection is produced, 
however, an increasing degree of depolarization must be 
expected. Second, as the functions are even in 0, the de- 
flection left or right could be expected with equal ampli- 
tudes when the transverse field is reversed. Third, for 
typical X-band ferrites below magnetic saturation,? 
the dipole strengths, m, and m,, are greater for the nega- 
tive sense of circular polarization (ho, =hvs). These 
three points are found generally in the measurements 
which will be described in the following section. 


MEASUREMENTS ON A SPHERICAL FERRITE SCATTERER 


The preceding analysis has shown that the feld 
around a small sphere in a saturating magnetic field and 
a circularly polarized plane wave is made up of the inci- 
dent wave plus a dipole field radiating principally along 
the magnetic field. In practice the incident wave must 
be blocked by a suitable boundary in order to achieve a 


* See the characteristics of R. E. LeCraw and E. G. Spencer 
“Tensor permeabilities of ferrites below magnetic saturation,” 1956 
IRE ConventTIoNn REcorD, pt. 5, pp. 66-74, ; 
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useful deflection. Therefore, the sphere is no longer in a 
plane wave. Further, experiment finds that useful 
spheres are not small compared with the wavelength in 
the ferrite. For these reasons, the measurements which 
will be described here agree only qualitatively with the 
calculations. 

Measurements have been made on cylindrical and 
spherical ferrite samples. The spherical ferrites, how- 
ever, are definitely preferred for minimum depolariza- 
tion for a given deflection. The transmitted power is 
measured at the peak of the beam in whatever direction 
it falls. It is referred to power transmitted with no fer- 
rite at all in the system. Thus, power loss is made up of 
dissipation in the ferrite, reflection from the ferrite, and 
spreading of the transmitted beam. The incident and 
detected power are both circularly polarized. The beam 
deflection is measured by placing the detector at 45° 
with respect to the undeflected beam and measuring db 
change in transmitted power upon reversing the trans- 
verse field. This is found much more easily than measur- 
ing the angle of the broad peak involved. Although the 
normal input to the radiator is circularly polarized, 
standing wave ratios are measured with linear polariza- 
tion along two axis—one with the magnetic rf field par- 
allel to the transverse static field, and one with the rf 
field perpendicular to the transverse static field. The 
degree of depolarization (cross polarization) is measured 
to the same reference as the normal polarization by re- 
versing the polarization sense of the detector. 

The data in Fig. 3(a) were taken at 9200 mc with a 
0.350-inch-diameter General Ceramics R-1 sphere sup- 
ported in teflon at the end of a 0.582-inch-diameter 
waveguide as shown in Fig. 1. It should be mentioned 
that the extension of the dielectric beyond the sphere 
affects both the standing wave ratio and the beam de- 
flection performance. In this case, the teflon is extended 
about 0.125 inch beyond the end of the sphere. In Fig. 
3(a), the maximum db difference shown corresponds to 
about + 15° of beam deflection. While this does not rep- 
resent the maximum possible, the curves show typically 
a critical value of axial field giving maximum trans- 
mitted power, greater deflection with negative circular 
polarization than with positive, two symmetrical axial 
fields of minimum standing wave ratio, and an increas- 
ing depolarization of the fields of largest beam deflection. 

Now the data in Fig. 3(a) were taken at constant 
transverse magnetic field. For a better comparison with 
the calculated dipole strengths m, and my,, the ratio of 
axial to transverse field was held constant to maintain 
the static field at 30° to the waveguide center line. In 
Fig. 3(b), measured deflections and cross polarization 
are compared with calculated pole strengths from ferrite - 
characteristics given for R-1 by Spencer and Le Craw. 
From the previous equations, dipole strengths driving 
the rf fields along the 30° static magnetic field axis in 
the forward sense of polarization are (m,—jmy,)/2. Simi- 
larly, (mz jmy)/2 in Fig. 3(b) represents energy along 
this axis in the cross-polarized sense. It can be seen that 
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Fig. 3—(a) Deflection characteristic of 0.350-inch diameter sphere. (b) Beam deflection for static field at 30°. The X-data points indicate 
calculated dipole strengths driving circularly polarized energy in the direction of the static magnetic field with the same sense of poiariza- 
tion as the incident wave. The ©-data points are calculated dipole strengths in the reverse sense of polarization. The other curves are 


experimental. 


the deflection is great where (mz—jm,)/2 is large and 
that the deflection is in the anticipated direction. Fur- 
ther, (m,+jm,)/2 predicts the cross-polarized com- 
ponent, except for the region of positive polarization 
where one would expect to measure severe depolariza- 
tion. Thus the rf dipole representation of the problem 
gives a very nice qualitative picture of the beam deflec- 
tion mechanism. Further, it is possible to judge the use- 
fulness of any particular ferrite in this application if the 
microwave permeabilities are known. 

Typical of most ferrite devices, the deflection direc- 
tion is nonreciprocal. That is, a characteristic curve is 
preserved when the direction of propagation is reversed 
only if the sense of polarization is also reversed. This 
characteristic is, of course, no problem in a one-way 
antenna. In a two-way antenna, on the other hand, 
such as is used for radar, this may be an advantage or a 
disadvantage, depending upon the application. If this 
principle were applied to radar conical scanning, for ex- 
ample, the reciprocity problem could be solved with the 
transmitter and receiver coupled to a circular wave- 
guide in space quadrature. The transmitted and re- 
ceived power would then have the opposite sense of 
circular polarization, and the transmitted and received 
beam would both lie in the same direction. Such a radar, 
though circularly polarized, would have the same rain 
rejection and target characteristics as if it were linearly 


polarized. 


APPLICATION OF A FERRITE SCATTERER 
TO CONICAL SCANNING 


While there are limited applications for the wide beam 
deflection system as it has been described, the original 
objective of this development was to produce conical 
scanning for radar by ferrite means. The required me- 
chanical motion of conventional scanners is relatively 
rapid, and low-temperature operation is a recurrent 
problem. Further, conical scanning is a simplified prob- 
lem as it is only a one-degree-of-freedom application. 

The chief difficulty is this: in conical scanning from a 
parabolic reflector, an effective center of radiation is 
displaced from the axis of the parabola and rotated ata 
constant radius. The problem then becomes one of con- 
verting a deflected beam from the ferrite scatterer into 
a displaced center of radiation. Accordingly, various 
splash-plate and dielectric lens combinations have been 
tried in an effort to produce this effect. 

Although this problem is far from being solved, one 
of the most effective combinations that has been found 
to the present is the feed shown in Fig. 4. Here power is 
deflected at the ferrite and reflected toward a parabolic 
antenna dish at the far left (not shown on the drawing). 
Relative sizes are preserved, and the ferrite diameter is 
0.350 inch, which gives its approximate size. A complete 
physical description is not given, however, as the device 
is rather imperfect. For example, in order to achieve a 
1-db conical scan crossover, the depolarized power is 
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Fig. 4—Ferrite application to a feed for a conical 
scanning antenna. 


January 


only 10 db below the normal polarization. Further side 
lobes are up to 15 db below the peak of the beam, and 
antenna efficiency is low. Nevertheless, the device dem- 
onstrates an application which could produce a conical 
scanner in principle in all respects including the problem 
of reciprocity in the ferrite. 


CONCLUSION 


It has been shown that a small sphere immersed in an 
oblique uniform magnetic field and an rf circularly 
polarized plane wave will scatter electromagnetic energy 
principally along the magnetic field. It is demonstrated 
that this principle can be used to direct a wide radiated 
beam at the expense of some depolarization of the inci- 
dent wave. Finally, it has been shown as an example 
that this could be applied to the problem of conical 
scanning although a scanner has not been made which 
could compete with present mechanical scanners. 
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A Ferrite Boundary-Value Problem in a 
Rectangular Waveguide* 


C. B. SHARPE} anp D. S. HEIM+ 


Summary—A solution is obtained for the electric field at the air- 
ferrite interface (z=0) in a rectangular waveguide filled with ferrite 
in the semi-infinite half (z>0) and magnetized in the direction of 
the electric field. The field is expressed in terms of a Neumann series 
obtained by iteration of a singular integral equation which satisfies 
the boundary conditions at the interface. The equivalent circuit for 
the junction is also presented. 


INTRODUCTION 


HE mathematical difficulties which are encoun- 
tered in the solution of many boundary value 
problems involving gyromagnetic media have 
been pointed out by several authors.!~* The formulation 
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of these problems is usually straightforward but the im- 
position of the boundary conditions at the isotropic-to- 
anisotropic interface frequently makes them intractable. 
The one discussed here, in which the anisotropic media 
is a semi-infinite slab of ferrite filling a rectangular 
waveguide, appears to present some of the essential dif- 
ficulties common to the solution of many such problems. 
Referring to Fig. 1, we consider an infinite rectangu- 
lar waveguide which is filled with a ferrite medium for 
z>0 and air for <0. The ferrite region is magnetized 
in the y direction with an internal field H. A TEy) wave 
is incident from the left at the air-ferrite interface 
(z=0). The problem is to determine the electric and 
magnetic fields at the interface and the equivalent cir- 
cuit for the junction. The ferrite medium is assumed to 
be lossless and characterized by a tensor permeability 


aw) ik 
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where 
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In rationalized mks units, which are used throughout, 
the gyromagnetic ratio is given by 


T = — 0.22 X 10° m/ampere-second. 


M, is defined as the magnetization at saturation using 
the convention 


B = wo(H + M). 
All field quantities are taken proportional to exp (jw). 


THE EQUIVALENT CIRCUIT 


Assuming all field quantities are independent of the 
y coordinate, the transverse electric and magnetic fields 
in the ferrite [medium (2)] can be expressed by‘ 


oO 
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n=1 
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In the air-filled section [medium (1) ] the incident TE1o 
wave is given by 


E,® = sin rx/a e-nMz (3) 
H,® = — Y,™ sin rx/a Enns (4) 


and the reflected TE;o waves are given by 
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E,@ = >> R, sin nrx/a em# (5) 
n=1 
co 

H,® = >> Y,OR, sin nex/a em, (6) 
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4 Tbid., Part II. 


The necessity of (5) and (6) is discussed by Epstein. 
Satisfying the boundary conditions at the interface 
z=0 and eliminating the R, results in the following for 
the coefficients of the electric field: 


[7T1(V¥1 + V,@) — 2¥,®] sin rx/a 


= >) mMT,, cos nax/a 


n=1 


— (VY, + Y,@)T, sin nrx/a, OS xe <a. (7) 


n=2 


Both Epstein® and Van Trier® have pointed out that (7) 
leads to an infinite system of simultaneous linear equa- 
tions for which there is no practicable method of solu- 
tion. Epstein has used a method of successive approxi- 
mations to obtain a power-series expansion for R; in 
terms of k/(u2—x?). However, as he points out, this 
leaves much to be desired, particularly since k/(u? —k?) 
can be very large. In the solution which follows, (7) will 
be expressed as an integral equation in terms of the 
electric field E, at the interface. The solution will yield 
the electric and magnetic fields directly for almost all 
values of xk/(u?—K?). 

It will be convenient to,normalize (7). Consider first 
the case where only the dominant mode propagates in 
the ferrite medium. That is, 


(r/a)? < wer < (2/a)?. 


It is assumed in all cases that only the dominant mode 
propagates in the air-filled section. The transmission 
line circuit illustrated in Fig. 2 will be equivalent to the 
waveguide junction if we can identify the voltage and 
current waves on the line with the fundamental com- 
ponents of the transverse electric and magnetic fields, 
respectively, in the waveguide. The analogy which we 
shall employ here makes the constant of proportionality 
between current and voltage equal to the wave admit- 
tance for the dominant mode in the corresponding 
waveguide. The quantity Re [V@OlT@*], j=, 7, t, (Fig. 
2) will be proportional to the power flow in the corre- 
sponding waveguide. Thus, in the air-filled section, 


E,:® = V(2)® sin rx/a, En” = V(z)™ sin rx/a 
Hy = — ViM Ey = T(z) sin r2x/a, 
Ha = ViMEy® = I(z)™ sin rx/e 


where the subscript 1 denotes the first mode. In the 
ferrite-filled section a fundamental difficulty occurs 
since H, is not simply proportional to Ey. Never- 
theless, a similar correspondence can be made: 


’ Epstein, op. cit., p- 14. 
6 Van Trier, op. cit., p. 335. 
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(i) 


V— 


z=O 


Fig. 2—Equivalent circuit for the air-ferrite junction. 


Ey© = V(z) sin rx/a 
Y,% Fy, = I(z)™ sin rx/a. 


Power flow in the ferrite medium is still proportional to 
Re [V“J*] since the cosine term in (2) does not con- 
tribute to the integral of Poynting’s vector over the 
cross section of the waveguide. Of course, the continuity 
of H, at the junction no longer implies the continuity of 
current flow in the equivalent circuit. This discontinuity 
in current flow at the junction is accounted for by the 
current J flowing through the impedance Z. 
Sincesat.2 = 0 


Vat VaR, VOL, 
it follows from Fig. 2 that 
f= TV) V,@) — 27,0). (8) 


It will be useful to make the change of variable, 6 =7x/a. 
Then, at z=0 


E,©(¢) = >> T, sin né, 


n= 


O0<¢<7, (9) 
where 


2 T 
= =f E,(@) sin n¢dd. (10) 
T 0 


Following Miles,’ we define a normalized field propor- 
tional to E,“, 


E,($) = I8(¢). (11) 


Whence, 


Vo 2 v 
2= JX =—= =f &(¢) sin ddd. 
Il TJ 9 


It can be shown that for a ferrite described by a Her- 
mitian tensor the Re [Z]=0, which confirms the as- 


sumption of a lossless medium. Eq. (7) can now be 
written, 


7J. W. Miles, “The equivalent circuit for a pk: i inui 
- W. I ; € plane discontinuit 
in a cylindrical wave guide,” Proc. SO. 
ae g c. IRE, vol. 34, pp. 728-742: Oc- 

8 C. B. Sharpe and D. S. Heim, “Reflections ; Ferri i 
Waveguide,” Univ. of Michi E i meray an 
Rae IM eee gan, Electronic Defense Group, Tech. 
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Y 2) 
— sin 0) = M8'(¢) =a ial SS Ce ap V2) 


T n=2 


{ s@ sin nq’ sin nodd’, O< 6 <a. (13) 
0 


&'(¢) denotes the derivative of &(@) with respect to @. 
When all modes are cut off in the ferrite, 


wu es < (n/a), 


and Y,® is imaginary. The equivalent circuit of Fig. 2 
will suffice for this case also with the understanding that 
no power is transmitted away from the junction to the 
right. We cannot neglect J since it gives rise to an in- 
ductive susceptance in parallel with Z. The impedance 
Z accounts for the discontinuity in the sinusoidal com- 
ponent of H, as before. The theory which follows will- 
therefore be valid for both the case where only the 
dominant mode propagates in the ferrite and the case 
where all modes are cut off. 


THEORY 


In order to solve (13) for &(@), it is necessary to make 
a commonly used assumption; namely, 


Yn) = y¥_™ & nax/a, aes the 


Then Y,-+Y,@ can be approximated by 
Y,0 + Y,@ = — jKn, 


n> 1, (14) 


where 
Tv 
| [1/0 =a Vice: 
aw 


Eq. (14) is usually a reasonable assumption to make for 
problems where only the first mode propagates. How- 
ever, we shall find in the present problem that this as- 
sumption appears to be of critical importance for the 
case where M/K =1. 

With this assumption, (13) can be written, 


C sin } 
2 ia) Tv 
= M&'(¢) + 7K — Din | &(¢’) sin n¢’ sin ngdg’, (15) 
T n=1 0 


where 
+ “rT 2 S ~ 
—~C=1+ 9K =f &(¢) sin ¢d@ = 1 — KX, (16) 
TJ 0 


Integrating the last term in (15) by parts and employing 
the identity? 


sin nd = 


1 i sin ¢ cos nw 
( 


a= © are 
, cosy — cos@ ae 1,2, ) 


ir ) 


* W. Magnus and F. Oberhettinger, “Formulas and Theor f 
the Functions of Mathematical Ph sics,” Chel Pee ee 
New York, N. Y., p. 141; 1954, et hiae Co, 
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¢ 
one obtains 


ie} 


. . 2 a 
Csin¢@ = M8’(¢) ji sin @ il 8’(¢’) cos n¢’dd¢’ 
T ivo 


r= 


‘a cos mw 
: dy. 
0 cos¥ — cos¢@ 


Interchanging the order of integration and summation 
in (17) results in a singular integral equation of the 
second kind. 


(17) 


; , SK fe Sch) sind 
Csing = Me) +j7— f ——"*_ wy. cas) 
tJ cosy — cos@ 
~~ It is convenient to define 
&(¢) = & (6) + j&:(). 
Eq. (18) can then be expressed by the system, 
Rr erer in 
Gsin 6 = Mé'(¢) — ih ae (19) 
zrJo cosy — cos¢ 
K ¢7 &/() sing 
0= Mele) +—f ——""* ay. 020) 
rdJo cosy — cos¢ 


Solution for Small M/K 


Schmeidler!® has shown how the system of integral 
(19) and (20) can be solved by a process of iteration 
when | /K| <1. We shall have need for the following 
integral equation and its solution: 


1 oe sin s 
f(s) = f g(t)dt 
aw Jo cost — cos s 
ay 1p?) fl(s¥eiurs 
er ‘U g(i)dt — f ds. (22) 
T / 9 er J 5 coss — cost 


Reca'ling that &(¢) =0 for ¢=0, 7, the application of 
(21) and (22) to (19) and (20) yields 


(21) 


sin tdr 


C er ge 
eee (M/K)? =H 


™ §/(w) siny 
; i dy 
9 cost — cosy 
Eq. (23) can be identified as an integral equation of the 
form 


Bey = fay tex if lelgyn)de if “el(WK(r, Wah (24) 


cos @ — COST 


(23) 


by making the correspondence, 


1 sin T 
TG, 
aw COS @ — COST 
) E b 
= — —— Cos 
f(¢ - 
) = — (M/K)?*. (25) 


J 10 W. Schmeidler, “Tntegralgleichungen mit Anwendungen in 
Physik und Technik,” Geest and Portig K.-G., Leipzig, Ger., 1955. 
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Iterating (24) yields, 
81) =f) + [ K(6, nde f KG, ydb 


+o [ K(¢, nde f K(r, odo f K(a, p)dp* 
J 0 0 

&.'(v) K (pp) dy. 
Repeating the process leads to a Neumann series for 
&:’(@). It can be shown! that for the kernel (25), the 


above series converges for |r| <1. Thus, the first order 
approximation to &’(¢) can be taken as 


&i'(¢) = f(¢) 


and the second order approximation as 


83'(6) = 4) +9 [ KG, nar f KG, Way. (26) 
0 0 
We shall obtain only the second order approximation, 
although the extension to higher order approximations 
is obvious. It follows that 
ei = — 3[1+ 33) 
= = — oe cos 
: K a NIK ( 
XC (=) 1+ cos¢ 
_ n 
wK\K 1—cos¢@ 
G M\? 1+ cos ¢\? 
a =z(5) cos ¢{ In et : 
2n?K \ K 1—cos@ 


Jen ep 
K 


The solution for &,’(¢) follows in the same manner. 


There results 
= - S15) +7) 
NO agers ESE K 
C =) 3 (=) | a(i 1+ =<) 
cos n ———— 
+1 pave IK 1—cos@ 
CoeMING 1+ cos ¢\? 
sere) | Ona seee) 
mK \K 1—cos¢ 


; ( ty | q|<1 
a ee Y tcose NOK ; 


(28) 


It remains to determine C, which is a function of the 
unknown reactance X. From (12), 


») T 
x= =| &,'(@) cos dd¢. (29) 
Tv 0 


1 [oid., p. 429. 


46 


It follows that 


Solution for Large M/K 


A Neumann series valid for | M/K|>1 can also be 
obtained from (19) and (20). By direct substitution, 


, Grek Nw (: — =") 
£16) = ([) sin pices 


( Fi f sin ddr fr &/(v) sin r 
ics als 0 cos@ — costvc¢ cost — cosy 
57) = — sing 
vs = — sin 

M 


(=) 1 {P sin dr ie &,/(W) sin r 

M/ w*Jo9 cos¢? — cost/o9 cost — cosy 
Both (31) and (32) reduce to an equation of the same 
form as (24) if we take 


dy (31) 


dy. (32) 


1 sin @ 
KOs 0) ase 
ma COS @ — COST 


2 
= - (5). 
M 
Iteration again yields a Neumann series in terms of X. It 
can be shown that the series will converge for || <1, 
that is tor 1< | M/K| . The proof parallels that given 


by Schmeidler for the previous case. Second order ap- 
proximations to &,’(¢) and &,’(¢) are found to be, 


‘ Cc (=) 5 (5) ] : ( 1+ cos¢ 
Sin Se ee ee S| \ See In ————_ 
(¢) —| (> 4 AW; sin a) 


1 C/K\! 1 3 
-43 (=) sin 6(Im a 


33 
M 1—cos¢ (Ey 
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ete = [G+ 9 Ge) |e 


C K\3 1+ cos¢\? 
— (=) sin @ (in =) . 
2nr?K \M 1 — cos¢ 


The constant C and the reactance X for this case are 


ae iGalsalGn) | 
=| DtsG@) | ix 
Nolet 


DISCUSSION 


(34) 


It is interesting to note that the example discussed 
by Schmeidler which gives rise to (19) and (20) isa 
problem in elasticity. The real and imaginary compo- 
nents of &’ (¢) are analogous to the horizontal and verti- 
cal components of pressure, respectively, at the base of a 
dam. The depth of water as a variable has the same 
significance as the magnitude of the magnetizing field 
Hin the electromagnetic field problem. 

The existence of both a real and imaginary part to the 
field at the interface is unique to boundary-value prob- 
lems involving anisotropic media. Although the field 
strength at each position across the waveguide varies 
sinusoidally with time, the phase of this variation 
differs from one point to the next. Thus, the field ex- 
hibits a periodic “shimmy” in time. 

The value of |M/K|=1 seems to be a critical point in 
the analysis. Not only do the fields display a marked 
difference in form for values of M/K on either side of 
unity but the series solution itself probably does not 
converge for this critical value. One would suspect the 
assumption of (14) to be the source of the difficulty. 

The value of |M/K|=0 leads to an indeterminate 
solution for the normalized field &;’(¢) because- the nor- 
malizing factor I is also zero at this point. This is of 
little consequence, however, since for M=0 the problem 
reduces to the case of an isotropic dielectric. It is in- 
teresting to note, again in contrast to isotropic problems 
that X may be either inductive or capacitive since K 
can be negative or positive. 


CORED 
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Some Techniques of Microwave Generation and 
Amplification Using Electron Spin 
States in Solids* 


D. I. BOLEF} anp P. F. CHESTER} 


Summary—Possible modes of operation of two-level solid state 
masers utilizing the techniques of population inversion used in 
nuclear magnetic resonance are described. Methods of continuous 
operation of two-level masers and their usefulness as microwave 
generators are discussed. 


INTRODUCTION 
ee several papers!~’ have made clear the 


advantages to be expected of solid-state maser 

amplifiers with respect to noise figure, when com- 
pared with conventional microwave amplifiers, and with 
respect to tunability, bandwidth, power output, and 
simplicity, when compared with beam-type or gas cell 
masers. 

The paper by Scovil® has described the first successful 
solid-state master oscillator, based on a three-level 
scheme and, therefore, inherently continuous in opera- 
tion. The conditions under which such a scheme can be 
used, however, are somewhat circumscribed by the 
limited number of suitable paramagnetic materials and 
by considerations of “forbidden” transitions, relaxation 
times, and local oscillator power. Extension to operating 
temperatures appreciably above 1.2°K or to frequencies 
higher than X band is likely to depend on further in- 
vestigation of paramagnetic materials. An upper fre- 
quency limit will eventually be set by the nonavailabil- 
ity of a source of saturating power. The inherent 
frequency-reducing characteristic of three-level masers 
precludes consideration of them as microwave genera- 
tors. 

Two-level solid-state masers, although basically in- 
termittent in operation, should be realizable in practice 
with fewer restrictions on materials, operating tempera- 
ture, frequency, and local oscillator power. The first 


* Manuscript received by the PGMTT, June 14, 1957. 

+ Westinghouse Res. Labs., Pittsburgh 35, Pa. ete 

1 J. Combrisson, A. Honig, and C. H. Townes, Utilisation de la 
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2453; May 14, 1956. , > 

2 N. Bloembergen, “Proposal for a new type solid state maser, 
Phys. Rev., vol. 104, pp. 324-327; October 15,1956. o 
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Fig. 1—(a) Energy levels of a free electron in a magnetic field. The 
population of a level is indicated schematically by the length of 
the horizontal line. (b) Situation after nonadiabetic field reversal. 


attempted solid-state maser! was in fact based on a 
two-level scheme. It is the purpose of this paper to 
examine possible modes of operation and characteristics 
of two-level maser amplifiers, to suggest ways in which 
intermittency might be avoided, and to discuss the pos- 
sibilities of two-level maser generators. 


INVERSION IN Two-LEVEL SYSTEMS 


Consider the two energy states for a free electron in a 
magnetic field H corresponding to magnetic moment 
parallel and antiparallel to the field, as shown in Fig. 
1(a). The difference in energy is given by 


EF = Fy = |p = guoll (1) 


where h is Planck’s constant, v the resonant frequency, 
uo the Bohr magneton, and g has the value 2.0023 for 
a free electron. For a paramagnetic crystal in which the 
ions have an effective spin of 4 and show no hyperfine 
interactions, it isa good approximation to use (1) witha 
suitably modified value of g. If the crystalline electric 
field is noncubic, g will be a function of the angle be- 
tween the symmetry axis and the external magnetic 
field. 

In a magnetic field the populations of the upper and 
lower states, Nz and N; respectively, will in general not 
be equal and a spin magnetization M therefore will 
exist whose component along the field is given by 


Mu = guo(N2 — N1)/2. 


When the spin system is in equilibrium with the lattice 
at absolute temperature T, 


Mi 
| pjuita= CXPaiv/ hl. 


2 


where & is Boltzmann’s constant. This corresponds to an 
equilibrium magnetization Mo. Under nonequilibrium 
conditions, My relaxes to the value My with a time 
constant Ty, the spin-lattice relaxation time. 
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Before maser action can be obtained, it is necessary 
for Ny to be made greater than Mi, 1.e., for My to be 
made negative. When only two states exist this situation 
may be brought about in principle by exchanging popu- 
lations between the states using one of the techniques 
familiar in transient nuclear resonance experiments.*~!” 


Ho 
wy 
Wy) _ 
w< yHo w=yHo w> yHo 
(a) (b) (c) 


Fig. 2—The effective field in a frame of reference rotating about H, 
at frequency w with the microwave field Mj, (a) w below resonance, 
(b) at resonance, (c) w above resonance. 


An understanding of the two most common inversion 
techniques may be had by reference to the vector repre- 
sentation of Fig. 2. The paramagnetic sample is assumed 
to be in a steady magnetic field Ho and subjected to a 
microwave field circularly polarized about the direction 
Hy, of amplitude A; and angular frequency w. It will 
further be assumed that before the microwave field was 
switched on, the spin system was characterized by a 
magnetization M parallel to H». It is convenient to refer 
the subsequent motion of M to a coordinate system 
rotating about the Hy axis with angular frequency w. 
The effective field experienced in the rotating system is 
given by 


> > —-> as 
Hers = (Ho — w/y) + Ay 


where y is the electron gyromagnetic ratio. Viewed in 
the rotating system, M will precess about Hus; with 
angular frequency Q where 


OS y Hest. 


Adiabatic Rapid Passage (ARP) 


For a microwave field of frequency w well below the 
value wo( =yHo) required for resonance, the appropriate 
field relationship is shown schematically in Fig. 2(a). Lt 
(Hy —w/y) >Hi, Her: is almost parallel to Ho. As w is in- 
creased, Hs; diminishes in magnitude and inclination 
until at w=» it becomes identical with Hj, Fig. 2(b). 


9 Be Bloch, W. W. Hansen, and M. Packard, “Nuclear induction 
experiment,” Phys. Rev., vol. 70, pp. 474-485; October 1, 1946. 
10 H. C. Torrey, “Transient notations in nuclear magnetic reso- 
ceases fas Reel iby ee: 1059-1067; October 15, 1949, 
. L. Hahn, “Spin echoes,” Phys. Rev., vol. 80, pp. 580—594- 
November 15, 1950. “ ye Se 
_ ? E.M. Purcell and R. V. Pound, “A nuclear spin system at nega- 
tive temperature,” Phys. Rev., vol. 81, pp. 279-280: January 15, 1951. 
ne i Rabi, INSEE Ramsey, and J. Schwinger, “Use of rotating co- 
ordinates 1n magnetic resonance problems,” Rev. Mod. Phys. 
26, pp. 167-171; April, 1954. Ne Tes ROSAS: 
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Asw is further increased well beyond wo, Hess increases in 
magnitude and approaches an orientation antiparallel 
to Hy, Fie. 2(6)- 

If the change in Hs. is small during a precessional 
period of M, 7.e., in a time Q-!, M follows the changes in 
Hs: adiabatically. The orientation of / with respect to 
H, is, therefore, reversed as a result of the passage 
through resonance, 7.e., finally N2>N;. The adiabatic 
condition may be written 


(yH,)“! <Gy 


where ¢ is the time to pass through the resonance half- 
width Aw)(=yMHo). Passage through resonance by 
sweeping HH) is entirely equivalent to sweeping w. In 
both cases, inversion of the initial magnetization results, 
whichever the direction of the sweep. 

Another condition originally thought necessary™ for 
ARP was that ¢ be much shorter than both the spin-lat- 
tice relaxation time, 71, and the spin-spin relaxation 
time, 7>. More recent work" indicates that the condition 
on ¢ is in fact less stringent and that provided A, is well 
above the value required for saturation, it is sufficient 
merely for <7}. It follows that materials with narrow 
lines or long 7s will be most amenable to ARP. Experi- 
ments'*18 has shown inversion by ARP to be particu- 
larly easy in certain inhomogeneously broadened lines!® 
where the unresolved sublines are exceedingly narrow. 
Such lines may not be the most suitable for maser ac- 
tion, however, unless all the sublines are able to give 
up energy to the microwave signal field. Such a situation 
might be assured by radio frequency mixing among 
the sublines when these are due to hyperfine interac- 
tions. No experimental report of inversion by ARP in 
dipolar-broadened or exchange-narrowed lines has yet 
appeared, but a number of such lines with widths less 
than one oersted are known?** and ARP should be pos- 
sible in some of these with reasonable microwave driving 


4“ F. Bloch, “Nuclear induction,” Phys. Rev., Vol. 70, pp. 460- 
474; October 1, 1946. 

* A. G. Redfield, “Nuclear magnetic resonance saturation and 
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nance,” Phys. Rev., vol. 100, pp. 1219-1221; November 15) 1955s 
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doped silicon,” Phys. Rev., vol. 102, pp. 917-918; May 1, 1956. 

_ 18 G, Feher and E. A. Gere, “Polarization of phosphorus nuclei 
in silicon,” Phys. Rev., vol. 103, pp. 501-503; July 15, 1956. 
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one in which the line width is due either to dipole-dipole interactions 
or to exchange interaction between the paramagnetic centers. 
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oS 18}, Rone GR. poe and E. L. Yasaitis, “Paramagnetic 
resonance absorption in graphite compounds,” Phys. 

p. ‘ce Janey 1, 1955: ie i I Sa 
J. E. Wertz and P. Auzins, “Crystal vacancy evj 
ESR,” Phys. Rev., vol. 106, p. 484; May 1, 1987, 97 © dence from 


1958 


power. Liquid helium temperatures are not expected to 
be necessary for successful ARP in some of the known 
materials. 


180° Pulse 


If the spin system in a magnetic field is subjected to a 
circularly polarized microwave field at the resonant fre- 
quency Wo, the effective field is as shown in Fig. 2(b). 
The magnetization M, initially parallel to Ho, starts to 
precess about H; with angular velocity Q=yH;. Thus, 
after time t, where 


tp = — (2) 
a ) 
yA, 


M will be aligned antiparallel to Ho. If the microwave 
field is cut off at time t,, the magnetization will be nega- 
tive, t.e., N2 will be greater than N,. Eq. (2) thus defines 
a “180° pulse.” If H; does not exceed a few times AH 
or if the microwave frequency deviates from resonance 
by as much as (Awo)/27, or if (2) is not satished experi- 
mentally, the inversion will not be perfect. When a good 
180° pulse can be produced, however, this technique 
has the advantage over ARP of requiring less time to ac- 
complish and less average power from the microwave 
driving field. Pulse lengths between 107° and 10~® sec- 
onds and amplitudes between 0.2 and 20 oersteds will 
be required for likely materials. 


Nonadiabatic Field Reversal 


Although this technique was used to invert Li’ nuclear 
spin states in the classic negative temperature experi- 
ment of Purcell and Pound,?? little or no attention has 
been paid to it in connection with solid-state masers. 
Consider the populations of the two energy levels for an 
electron in a magnetic field H as shown in Fig. 1(a). If 
the magnetic field is reversed in a time very much 
shorter than (yH)~!, the system suffers a sudden or non- 
adiabatic perturbation” with the result that the field is 
established in the reverse direction before the wave func- 
tions of the states have changed appreciably. The final 
situation, as shown in Fig. 1(b), is therefore that the 
more heavily populated state has become the state of 
higher energy and vice versa, the extra energy having 
been absorbed from the source of the changing mag- 
netic field. Since the nonadiabatic condition is 


or > yo (3) 

dt 
it will clearly be advantageous to reverse the smallest 
possible field, Himin. The lower limit to Hm in is set by the 
line width AH), or by field components normal to Ho. It 
should be sufficient to reduce the value of H adiabatic- 
ally to a value several times larger than Aj, reverse it 
nonadiabatically, and then increase it adiabatically to 
—Hh, all this taking place in a time much shorter than 


23 D, Bohm, “Quantum Theory,” Prentice-Hall, Inc., New York, 
N. Y., ch. 20; 1955¢ 
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T;. For a line of width 0.1 oersted, Hin might be 0.5 
oersted and the reversal time for Hmin~5X10-® sec- 
onds. Such a rate of change of field is possible with pulse 
techniques or with a combination of high static field 
gradients and high translational velocities. The condi- 
tions should be easier for inhomogeneously broadened 
lines having sublines narrower than 0.1 oersted provided 
that the “spin diffusion time”*™4 between sublines at low 
fields is much longer than the field reversal time for a 
given subline. 

This technique has the one advantage of requiring no 
microwave driving field. It may, therefore, find applica- 
tion in the generation of short microwaves. 
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Fig. 3—Time sequence in a simple two-level maser (not to scale). (a) 
Magnetization vs time, (b) (Q:)~1 vs time, (c) radiation density 
in cavity vs time. In (b) and (c) the solid line refers to regenerative 
operation and the broken line to super-regenerative operation. 


INTERMITTENT Two-LEVEL MASERS 


The interaction between the microwave signal which 
is to be amplified and the inverted spin system may be 
contrived with either a traveling-wave or a standing- 
wave (resonant cavity) structure. We shall consider only 
cavity-based structures. 

It is apparent from the discussion of the previous sec- 
tion that, in a simple two-level maser, population in- 
version and amplification cannot proceed simultaneously 
and that some form of sequential operation is called for. 
The time cycle that is likely to be followed in such a 
maser may be divided into four main periods. Fig. 3 
shows the behavior of spin magnetization, total Q, Q:, 
and radiation density in the cavity during these periods. 
Inversion is effected during 7; by ARP or by a 180° pulse. 
The value of negative magnetization necessary for am- 
plification is such as to make the magnetic Q, Qn, close 
to (or smaller than) Qu, the loaded Q of the cavity during 


2% A.M. Portis, “Spectral diffusion in magnetic resonance,” Phys. 
Rev., vol. 104, pp. 584-588; November 1, 1956. 
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amplification. Qm is given by the expression 
Om = V./(4nMuyTm) 


where V, is the volume of the sample, and 7 the filling 
factor. Qm is, of course, negative after inversion. 
Radiation damping of the transverse moment in- 
duced by the driving field Hi; gives rise to an opposing 
radiation field Hp whose magnitude is given by 


Hr = 4rnQM7, 


where Mz is the component of M transverse to Ho.” In 
order to achieve inversion, fH, must exceed He.‘ This 
condition can always be satisfied by making HM; large 
enough. Unless the inversion process is accomplished 
perfectly, afterwards there remains a finite transverse 
moment and the radiation damping field associated with 
it. The resulting radiative loss from the spin system is 
negligible when the loaded cavity Q is much less than 
—Qm but becomes catastrophic when the loaded cavity 
Q is equal to or greater than —Q,. One method of avoid- 
ing such losses is to vary the cavity Q with time so that 
for the inversion period T; and for a short period Tg 
after it the loaded cavity Q is kept at some low value 
Qi:<—Qm. The required variation of Q may be realized 
either by periodically coupling a load to the cavity or 
by altering Hy to take the inversion frequency away 
from the cavity resonant frequency. During Ta, Hr de- 
creases exponentially because of the transverse relaxa- 
tion of Mr. For Tg>T.2, Hr will fall to a value less than 
that of the signal to be amplified and thereupon the spin 
system can be used for amplification. The sum of the 
times T; and Tg must of course be much shorter than 7}. 

For regenerative amplification, the loaded Q of the 
cavity is restored at the start of JT, to a value Q,, such 
that —Q,,> (Qa, 7.e., Q; becomes large but remains posi- 
tive in sign. 7, must, of course, be much shorter than 
T; for constancy of gain (Ta~10-*7; for a 10 per cent 
fall-off in gain at 30 db). For super regenerative amplifi- 
cation® the loaded Q is restored to a value such that 
—Qm<Qa, 1.e., QO; becomes negative. Oscillation builds 
up with an amplitude proportional to the signal present 
at the start of T, and the gain is determined by 7, the 
time constant for build-up and by the duration of Ty. 
The amplifying period may be terminated by reducing 
the loaded cavity Q to the value Q;. In a super-regenera- 
tor, a self-quenching action due to spin-lattice relaxation 
is possible if T, is made of the order 7}. 

During T,, the electrons are brought back to the 
same normal (though not necessarily equilibrium) dis- 
tribution as they had prior to inversion. The simplest 
method of achieving this is to allow time for spin-lattice 
relaxation to act, but as this requires a time of the order 
of 7, it normally results in 7.<T>, i.e., ina poor duty 


7° N. Bloembergen and R. V. Pound, “Radiation damping in mag- 
ee resonance experiments,” Phys. Rev., vol. 95, pp. 8-12; July 1, 

26 P. F. Chester and D. I. Bolef, “Super-regenerati » 
Proc. IRE, vol. 45, pp. 1287-1289; September, 1957... 
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factor. There are various methods of shortening 7’, 
which may depend on the particular paramagnetic 
material used. In semiconductors, radiative excitation 
into the conduction band followed by recombination,*:”” 
is a convenient method if it does not cause excessive 
sample heating. Another method is to dope the working 
material with a paramagnetic ion having a very short 
T,23 and having a transition which can be made de- 
generate with that of the working substance by a suit- 
able change in field. When the signal is small enough or 
when gain variations from cycle to cycle are not ob- 
jectionable, a simple way to prepare a normal distribu- 
tion is a second inversion at the start of T>. 

The transfer characteristic of a two level regenerative 
maser will approach that of a continuous amplifier as 
the duty factor is made to approach unity, 7.e., as the 
inactive time (7; +T7a+T7,) is made much shorter than 
the active time T,. This can only be brought about by 
“artificial” shortening of J. Since with presently known 
materials the minimum inactive time is likely to be of 
the order of microseconds, a high duty factor may in- 
volve values of T, up to 10~ seconds. For a gain fall-off 
of less than 10 per cent due to spin lattice relaxation over 
the active period a T, of the order 0.1 second, would then 
be required. While there is no difficulty in obtaining 
such long relaxation times in doped silicon below 4°K, 
when T, is long the power output from the amplifier be- 
fore saturation is low (+10-° watts in the above case). 
The linear power output may be increased at the ex- 
pense of the duty factor by decreasing 74. In certain 
applications, e.g., in radio astronomy and microwave 
radiometry where the “signal” is just low-level noise 
power, a poor duty factor is quite acceptable. However, 
in such cases super-regenerative operation is to be pre- 
ferred because of its greater linear power output and 
greater stability at high gains.”6 

The combination of the time cycling described above 
with intense transient magnetic fields should make pos- 
sible the generation of submillimeter waves at a rela- 
tively high level of power, particularly if materials with 
high g values can be used. Such a technique, although 
intermittent, might well find application in funda- 
mental research. 


ConTINuUOUS Two-LEVEL MASERS 


If continuous operation is desired in a two-level 
maser, there must be some mechanical transport of 
material from one situation in which it is inverted to 
another situation in which it is used. 

An obvious method of achieving continuous popula- 
tion inversion and transport ‘of material is depicted in 
Fig. 4. The paramagnetic material is mounted on the 
periphery of a rotating disk so as to pass in sequence 


27 G. Feher and R. C. Fletcher, “Relaxation effects in donor spin 
resonance experiments in silicon,” Bull. Amer. Phys. Soc., vol. 1 p 
125; March 15, 1956. (Pittsburgh Meeting.) cae 
_ 78 G, Feher and H. E. D. Scovil, “Electron spin relaxation times 
in gadolinium ethyl sulphate,” Phys. Rev., vol. 105, pp. 760-762: 
January 15, 1957. : 
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through a region of high field (b) which produces a posi- 
tive magnetization, then into a cavity (c) excited by a 
suitable local oscillator and situated in a magnetic field 
gradient of form such that material in passing through 
the cavity (c) experiences ARP. The emerging material, 
now characterized by a negative magnetization, passes 
into a second cavity (d), situated in a uniform magnetic 
field, where amplification takes place at a frequency 
which may be considerably higher than the ARP fre- 
quency. The transit time from (c) to (d) must be much 
less than 7; but long enough for the decay of any trans- 
verse magnetic moment. The transit time from (d) 
round to (c) must be long enough for the establishment 
of a positive magnetization. Thus, the rotational rates 
required depend on 7; and on the conditions for ARP, 
and are entirely feasible for materials with T; greater 
than a few milliseconds. A field gradient over the first 


cavity of at least several times the line width is required 
for ARP. 


ee a NY N 
ee Ce NG oe Cee ASN 
(0) 
a panic) 
/ 
(Seger : 
f \ 
\ fi ARPS Amplification \ ! 
(0) _/ Covity | Cavity2. 1 (a) | 


Time 


—— tw], —-—— t<<T, ——+ 


Fig. 4—Schematic representation of a continuous two-level maser 
using a rotating disk to achieve adiabatic rapid passage and 
transport of material. The magnetic field experienced by an elec- 
tron is shown as a function of time. Also shown is the mechanical 
situation at four representative times. 


A mechanically simpler device is conceivable if use 
can be made of a paramagnetic crystal in which the 
resonant frequency in fixed magnetic field is a strong 
function of the angle, ©, which the crystalline field 
makes with the magnetic field. Such a material, situated 
in a cavity in a steady magnetic field, may be taken 
through resonance by altering 0. Thus, ARP by crystal 
spinning is possible. The variation of the energy levels 
with © is in general somewhat complicated,”® but takes 
on a particularly simple form for a paramagnetic ion of 
effective spin } and no hyperfine structure. In this case, 
(1) holds with g=(gj? cos? O+g.? sin? @) 125 Spch a 
variation of g with © is shown in Fig. 5. If such a single 
crystal is situated in a doubly resonant cavity excited at 
its lower resonant frequency 1 by a local oscillator and 
is suitably rotated, it will undergo ARP at orientations 
marked (a) and (c) in Fig. 5.*? If the spin system has a 
positive magnetization prior to passage through (a) and 


29 B. Bleaney, “Hyperfine structure in paramagnetic salts and 
nuclear alignment,” Phil. Mag., vol. 42, pp. 441-458; May, 1951. 

30 An alternative mechanism is to fix the crystal in the cavity and 
rotate a magnetic field of constant amplitude about it by means of 
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if the time taken to rotate from (a) to (b) is much 
shorter than 7), amplification at the higher cavity fre- 
quency v2 is possible. A positive magnetization is re- 
established after passage through (c). If », is made 
sufficiently close to v2 so that the time (a) to (c) is much 
shorter than the time (c) to (a), the cycle may be re- 
peated indefinitely. 


SYP, is) 


Fig. 5—The variation of g with angle between crystalline field axis 
and an external magnetic field for a simple case of anisotropy, 
g=[gn? cos? @+¢1? sin? O]!/2, 


If the specimen is made up of a number of crystallites 
oriented in the plane normal to the axis of rotation, there 
will always be some crystallites at the proper angle for 
amplification, which then proceeds continuously. 

Possible materials (e.g., sodium plutonyl acetate) for 
this maser do show hyperfine structure, however, which 
results in a mixing of energy levels near 9=7/2 and 
32/2, and the magnetization is not expected to survive 
passage through these angles. The problem may be 
avoided if a positive magnetization can be achieved 
prior to (a) at some angle (e) greater than 7/2 or 37/2. 
A possible means for this is to dope the crystal with a 
paramagnetic ion having a spin-lattice relaxation time 
much shorter than that of the crystal, and a g value 
equal to that of the crystal at the angle (e). At this 
point, a transition in the doping agent becomes de- 
generate with the transition in the crystal and thermali- 
zation is greatly assisted. Under such conditions, 1; does 
not have to be close to v2. 

For reasonable rotational speeds, using likely mate- 
rials, operation at liquid helium temperatures would be 
required. The size of sample required for maser action 
is larger in this type of maser than in the static sample 
type because only a fraction [= (angular width of reso- 
nance)/7] of the crystallites contribute to amplification 
at a given time. This fraction is of the order of 10~? for 
sodium plutonyl acetate and v2 corresponding to maxi- 
mum g. 

In principle, the anisotropic-g maser has some ad- 
vantages over a three-level continuous maser. The re- 
generative amplifying bandwidth, which is just the 
cavity bandwidth, can be made considerably larger than 
the resonance line width. The power required from the 
local oscillator for inversion is determined by the reso- 
nance line width and is therefore independent of the 
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bandwidth. The local oscillator frequency may be a fac- 
tor of two or three lower than the signal frequency. 
Finally, the linear power output is higher because of the 
larger number of spins contributing to amplification ina 
given time. 

A simple, continuous mechanical microwave genera- 
tor should be possible using the principle of nonadiabatic 
field reversal. Paramagnetic material which has spent 
enough time in a magnetic field to acquire a positive 
magnetization is transported from that field into a re- 
versed field through a magnet configuration of the 
general form shown in Fig. 6(a). The electrons experi- 
ence a time-varying field of the form shown in Fig. 
6(b) such as to produce state inversion. The material 
then passes into a microwave cavity situated in a uni- 
form magnetic field of suitable strength where stimu- 
lated emission takes place and microwave oscillation is 
sustained. On emerging from the cavity the populations 
of the two states are equal and before the next inverting 
passage a normal distribution must be attained. One 
possible means of transport is a disk on the circumfer- 
ence of which the material is mounted so as to pass 
through the system of fields and the cavity just de- 
scribed. Although the time of transit between the in- 
version point and the cavity must be much shorter than 
Ti, the factor likely to determine the minimum rota- 
tional speed is the condition for nonadiabatic field re- 
versal, (3). A rate of change of field of the order of 107 
oersted/sec is required for a line of width 0.1 oersted. 
This would entail a 6-inch-diameter disk spinning at 
4000 rpm through a field gradient, over the range +1 to 
—1 oersted, of 3000 oersted per cm. 

Since the minimum rate of change of field is propor- 
tional to the square of the line width, materials having 
inhomogeneously broadened lines may prove most suit- 
able in this application. An interesting property of this 
device is its ability so convert mechanical energy directly 
into microwave power with a theoretical efficiency of 
50 per cent—the wasted energy going into the “cold” 
bath, via the lattice, during the preparation of the posi- 
tive magnetization. The upper frequency limit is deter- 
mined only by the magnetic field strength available at 
the cavity and might well extend into the one millimeter 
region, especially if high g-value materials can be used. 
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Fig. 6—Schematic magnet configuration (a) and variation of mag- 
netic field as a function of time (b) for continuous state inversion 
by nonadiabatic field reversal. 


Other things being equal, the power output from such a 
device increases with frequency, and for the disk men- 
tioned above, with N.—N,=10!" per cm of circumfer- 
ence, would be about 20 milliwatts at a wavelength 
of 3 mm. 


CONCLUSION 


Several two-level, solid-state masers are feasible with 
presently available techniques and materials. A promis- 
ing application appears to be as low noise amplifiers for 
radioastronomy and microwave radiometry in which 
case super-regenerative operation is to be preferred. In 
principle, a continuous two-level maser having some ad- 
vantages over the three-level maser is possible using 
anisotropic materials. Masers are likely to be of use as 
generators in the millimeter region and even at shorter 
wavelengths where pulsed fields and intermittent opera- 
tion are acceptable. 
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A Microwave Ferrite Frequency Separatot* 
HAROLD RAPPAPORT) 


Summary—When multiple filter groups are interconnected for 
operation out of a single source, interaction effects between filters 
can occur. Frequently, unless special precautions are taken, the 
filters may interact to such an extent that severe deterioration in 
performance may result. Introduction of the gyrator by Tellegen and 
the subsequent microwave realization of the circulator by Hogan, 
Rowen, and others provide new possibilities for design of channel- 
branching circuits and frequency-spectrum partition arrays. 

The nature of the frequency separation problem is reviewed, and 
the application of the ferrite circulator to effect channel branching is 
considered in detail. Several specific multichannel systems com- 
prising various circulator filter and one-way line filter arrays are pre- 
sented and their relative merits examined. 

A 4-port (3-channel) experimental prototype separator system 
consisting of a Faraday rotation type of circulator and maximally 
flat band-pass waveguide filters is described. A quantitative theory of 
operation of the prototype is developed. Experimental data and per- 
formance curves are given. These data show close agreement with 
results predicted by the theory. 


GENERAL CONSIDERATIONS IN APPLYING 
FREQUENCY PARTITION FILTERS 


Nature of The Frequency Separation Problem 


T is well known that when multiple filter groups are 
| interconnected for operation out of a single source, 
interaction effects will occur between the individual 
filters.! In general, unless special precautions are taken, 
the filters may interfere with each other to such an ex- 
tent that severe deterioration in performance through- 
out the entire frequency region of interest may result. 
In the past, various techniques have been evolved in 
efforts to eliminate or at least minimize filter interac- 
tion. The general approach to the solution of the inter- 
action problem lies in the design and synthesis of 
complementary pairs of filters, by techniques based on 
the methods developed by Zobel,? Norton,’ and Bode.‘ 
In the low-frequency region, where line lengths are non- 
existent and lumped elements are available, these 
techniques offer a reasonable solution to most “channel- 
branching” problems, provided the required number of 
channels is not too large. However, as the frequency is 
increased and the transmission-line nature of the prob- 
lem must be considered, the utility of these techniques 
is substantially diminished. 


* Manuscript received by the PGMTT, June 17, 1957. The work 
reported here was supported by the Electronic Warfare Laboratory, 
Rome Air Dev. Ctr. Contract No. AF-30(602)-981, and was carried 
out at the Microwave Research Institute, Polytechnic Institute of 
Brooklyn, when the author was a member of the staff. 

+ Defense Electronics Products, RCA, New York, N. Y. 
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20. J. Zobel, “Distortion correction in electrical circuits with 
constant resistance recurrent networks,” Bell Sys. Tech. J., vol. Wr 

. 438-534; July, 1928. - ak 
at 21D, Ves INI ane “Constant Resistance Networks with Applications 
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4H. W. Bode, “A Method of Impedance Correction,” Bell Sys. 
Tech. J., vol. 9, pp. 794-835; October, 1930. 
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Fig. 1—Diagrammatic representation of frequency separation 
by means of a circulator 


An investigation into the general properties of gyra- 
tor networks at the Microwave Research Institute by 
Rudner?® and Carlin® indicated the potential application 
of the circulator principle to frequency separation prob- 
lems. Consider the idealized 4-port circulator configura- 
tion as represented in Fig. 1. 

Recalling the basic defining characteristic of the cir- 
culator; all energy incident on port 1 will be coupled to 
port 2, all energy incident on port 2 will couple to 3, 
energy into 3 will couple to 4, and energy into 4 will 
couple to 1—for the port designations used in the figure. 
In the ideal case, no reverse coupling or cross-coupling 
will exist. If, for the present, ideal behavior is assumed, 
the application of the circulator to the frequency separa- 
tion problem is immediately apparent. As indicated in 
the figure, if a number of frequencies fi, fo, - - -, fz are 
considered incident on port 1, they will all be transmit- 
ted to port 2 by virtue of the circulator action described 
above. Consider a filter located at port 2, with a fre- 
quency characteristic such that only f; (or a small band 
about fi) will be passed. 

It is clear that fi will be removed at port 2, but all 
other frequencies will be reflected and will proceed to 
port 3. If a second filter permitting passage only of f2 is 
located at port 3, then only f2 will be removed while 
fa, fy °° +) fn Will be reflected to port 4. If provision is 
made at port 4 for the transmission of all of the remain- 
ing frequencies, they may be passed on to a second cir- 
culator in which further separation can be accomplished. 
Other arrangements of circulators and filters may be 
used, and several special cases will be considered later. 


Quantitative Aspect 


Some of the fundamental quantitative relationships 
concerning the operation of a 4-port circulator filter fre- 


5 B. Steinman, “Analysis of Some Microwave Ferrite Devices,” 
Microwave Res. Inst., Polytech. Inst. of Brooklyn, Rep. R-367-53, 
PIB-301; February, 1954. ; ; 

6H. J. Carlin, “Theory and Applications of Gyrator Networks, ; 
Microwave Res. Inst., Polytech. Inst. of Brooklyn, Final Rep. R-355- 
53, PIB-289; March, 1954. 
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quency separator will be developed. The scattering 
formulation of the network problem7'® will be used. Port 
1 of the circulator is taken as input. 

In terms of the voltage scattering parameters, the net- 
work equations for a 4-port are 


vr1 = Sada ac Si2di2 + S130i3 s= Sy4dia 
Ur2 = Soir + S222 + So3053 + Soadi4 
Vr3 = Sidi + Sodi2 + S330i3 + S34dea 
Ura = Sarvir + Saodi2 + Saadis + S4adsa 


in which the v,m represent the reflected voltages (energy 
flow polarized out of the network), the v;, represent the 
incident voltages (energy flow polarized inio the net- 
work), and the S,, are the complex voltage transfer 
coefficients of the scattering matrix (reflection coeffi- 
cients if m=n). The Sma have the form, Sinn = | Sen | ei#mn, 

If structures defined by input reflection coefficients 
Ko», Kz, and K, terminate circulator ports 2, 3, and 4, 
respectively, then 


| (1) 
| 


Vi2 = Koro 
V3 = K30;3 >: (2) 
UL = K4v,4)} 


Substituting the set of (2) into (1) and solving for the 
voltage ratiOs Upm/Va 


—Si Ske Si3K3 Sik 
—So1 (So2K2 — 1) So3K3 Soak 
—S3i  S32Ke (SssK3— 1) SgrKa 
Uri = oii S42Ko Sask (S4aK4 = 1) 
oa ial (3) 
—1 -Sy, SisKs Sisk, 
0 —S2y So3K3 SoaKg 
0 —S31 (S33K3 — 1) SxaK 4 
Ure ) syn Ayes (SaaK 4 — 1) 
a |] ) (4) 
i Sirk» 14 Sisk, 
| 0 (Sx2K2—1) —Sxy Soak 
| 6 S32K 2 — S51 S34K4 
Vr3 O S42Ke — S41 (Saks — 1) 
Us =J | D| a (S) 
=I Sirk S13K3 ein 
O (Sx2Ke — 1) So3K3 — S91 
0 S32Ke (S33K3 < 1) — S31 
Vr4 | 0 S42Ke S43.K3 — S41 
be = | D| 4 (6) 


’H. J. Carlin, “An Introduction to the Use of th S i 
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. L. Ragan, icrowave Transmission Circuit,” Mass. Inst 
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where 
—1 Sigk Si3K3 Sisk 
0 (Soke — 1) So3K3 Soaks 
| D| 2) 
0 S32Ke (S33K3 =e 1) S34K4 | 
0 SaoK 2 S43K 3 (SasK4 ms 1) 


The voltage ratios of (4)-(6) may be defined as circula- 
tor coefficients Cni= Vrm/vi, associated with the loaded 
circulator and referred to the voltage incident on the 
input terminals of the terminating structures. 

In the case under discussion, since terminations as- 
sociated with the various ports are filters (2-port struc- 
tures), the quantities of primary interest are the in- 
sertion loss from port 1 to the output terminals of the 
mth filter and, in certain instances, the input vswr 
measured at port 1. Since each filter is a 2-port structure, 
the scattering equations for the mth filter will have the 
form 


dnt = [Tulmva’ + arte (8) 


02 = [ Do lm er’ 55 | T22|m¥12" 


in which the numerical subscripts 1 and 2 define the in- 
put and output terminals respectively of the terminating 
structure, and [T,,’s are the scattering coefficients of the 
filter. 

Filter performance is generally defined in terms of the 
insertion loss (or gain) of the filter when operating be- 
tween matched terminations. Under these conditions, 
the value of v1’ is zero, so that 


[Tarlevsr’ 
[Tor |mvex’ 


f = 
i = 


(9a) 
(9b) 


fs 
v2 = 


Now, from (9a) the coefficient Ty, is seen to be the 
input reflection coefficient of the terminating structure 
associated with the mth circulator port. Further, the 
voltage incident on the input terminals of the mth filter 
is that reflected out of the circulator. Thus, 


Ke = |Tuls (10a) 
Urm = Vi (10b) 


where the v,:’ is understood to refer to the mth port 
terminating structure as implied by K and dm. 

The voltage measured at the filter output terminals 
may now be expressed in terms of the input voltage at 
port 1 and the circulator filter coefficients. Using the 
Cmi of (4), (5), and (6), and combining (9b) and (10b) 


Vp2 = [Lar ]mPrm = [Tie Owes. (11) 


Assuming the same normalizing impedance for both 
port 1 and the termination of the mth filter, the insertion 


loss from port 1 to the mth output terminals may be 
written as 


Ube 
Lmi = 10 log 


db. (12) 


Ur2 
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Using (11) in (12) 
1 
db 
| T21 |n2 | Cra |? 


Imi = 10 log (13) 


where the Cn are obtained from (4)—(6) using the K,, 
as defined by (10a). Since the insertion loss of the mth 
filter alone, Lr, is by definition 


1 
Lim = i@ log aaa db. 


conn (14) 
21\|m 
Eq. (13) may be written as 
1 
Emi = 10 log ———— + 10 log ——— db. 15 
[Pale oi ay 
— Erm ie Lon db, 


where the LZ,» is understood to refer to port 1 as input. 
Expressing the total loss in the form of (15) shows 
that the insertion loss for the interconnected circulator 
filter combination is a simple sum, and that the entire 
problem of interaction may be discussed in terms of the 
variation of the function Lem. 
The input vswr-as measured at port 1 is quickly de- 
termined since by definition 
1+ | K| Vr1 
K 


vswr aR , - (16) 

To illustrate the use of the equations developed above, 
the case of a 4-port circulator-filter combination will be 
discussed. The circulator is assumed to be matched but 
lossy, and to couple in a 1—~2—>3—>4—1 pattern. 

As may be shown,®* the voltage scattering matrix for 
a perfect circulator of the Faraday rotation type with a 
1—2—3—4—1 coupling pattern is 


0 19) oO —1 

coke ip Mg aS een rere h 
0 1 0 0 
0 0 1 0 


Using the S values as defined by (17) in (4)—(6) and tak- 
ing the absolute values of the resulting voltage ratios 


Uri 


Be) lirics || Ka lie, (18) 

Vil 

Ca => sale = e* (19) 
Vi 
073 

Ca1 edd ieee ed | Ko| (fee (20) 
Va 

Cu={—| = | Kel [Xo] e. (21) 
Vit 


These results show that the energy input into port 1 is 
not equally available to all terminations. Clearly, from 
(19) all energy except that dissipated in the ferrite is 
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available to the structure terminating port 2. But (20) 
shows that energy at port 3 will depend on the input re- 
flection factor of the port 2 structure. In the same way, 
(21) indicates energy available at port 4 will be a func- 
tion of the reflections of both the port 2 and the port 3 
structures. However, it should be stressed that the 
energy availability does not depend on the relative phases 
of the reflections. Only the magnitudes of the filter re- 
flection factors enter into the interaction. 

Using (19)—(21) in (15), the loss quantities, Lem, are 
seen to be 


Lex = 10 log e?*, (22) 
Ls = 10 log poe = 10 log a + log e* (23) 
| Ke? [Tri]? 
Le = 10 log raonae 
= 10 log wate) + 10 log ae ee. 10 log e&. (24) 
[Tui]? [Tui]? 


These results demonstrate that in the case of the 
perfect circulator, the variation in insertion loss as 
measured at the output terminals of a given filter will 
depend only on the magnitudes of the reflection co- 
efficients of the filters preceding it in the circulator 
coupling pattern. For example, (22) indicates that re- 
gardless of the terminations on all succeeding ports, the 
variation in insertion loss will be zero. Thus, the total 
insertion loss, La, will equal the original filter loss char- 
acteristic, Lys, plus the circulator dissipative loss. 

Eqs. (23) and (24) indicate that if the interaction 
effects are to be further evaluated, magnitudes of the 
input reflection factors of the various filters must be 
specified. For any lossless 2-port structure it may be 


shown’’® that 
|Tul?=1— Lea? (25) 


so that if the filters are lossless, (23) and (24) become 


L.3 = 10 log homme + 10 log e!, (26) 
1 
Les = 10 log To [rale 10 8 Trale 
“10 log e: (27) 


These equations allow calculation of the interaction 
effects from knowledge of the insertion loss character- 
istics of the filters (if lossless), rather than knowledge of 
the input vswr as required in (23) and (24). 

At this point it is necessary to define explicitly either 
the | K| ’s of (23) and (24) or, if lossless, the | Tos| “sot 
(26) and (27). For purposes of further discussion, the 
|K|’s will be assumed to be related in the following 
sense. When the frequency is such that the filter located 
at port 2 isin the pass band (| K2| =0), then the filters at 
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ports 3 and 4 will be assumed to be completely rejecting 
(| Ks| =| Ks| =1). Similarly when | Ks| =0, then | Ke 
= | K,| =1. Finally when | K,| =), then | Ke] = | Ks| == ie 
This situation is characteristic of the design of most 
channel branching systems in that a given branching 


filter will present a high rejection to frequencies which, 


lie in the pass bands of neighboring filters. Thus, for the 
4-port 3-filter system being considered, under these re- 
strictions (23) and (24) show that 


= tO loge 


ting = UO) Maye 


| KI? 


ea — ni Onloe LOM ogress: (28) 


P| Ko 
Thus, in the pass bands of the various filters, no inter- 
action effects will occur, and the total insertion loss to 
the filter output terminals will be that produced by the 
filter alone plus circulator dissipation. 

The reflections at port 1 will be zero since some 
| K.| =(0. Thus, the vswr measured at port 1 will be 
unity and the system will appear matched. It should 
also be observed that if a matched load is placed at one 
of the ports, say port 4, rather than a filter, the system 
will appear matched at all frequencies—not only in the 
pass bands. This property may be quite desirable in 
certain systems applications in which the mismatch 
seen by the generator is of concern. 

The interaction effects in those frequency regions in 
which the | K| restrictions given above no longer apply 
cannot be summarized so simply. As (26) and (27) in- 
dicate, the extent of the interaction will depend on the 
explicit form and relationship of the filter functions 
considered. The interaction effects in these “crossover 
frequency” regions can be analytically treated but space 
does not permit further consideration of these effects 
here. 


EXPERIMENTAL PROTOTYPE FREQUENCY SEPARATOR 


In order to experimentally verify the preceding 
analysis, an experimental prototype separator was de- 
signed and constructed in the 9.0 kmc frequency region. 
The separator was of the Faraday rotation type de- 
scribed by Hogan? and others.?° The filters were band- 
pass with a maximally-flat characteristic and realized in 
rectangular waveguide. The filters were 100 mc wide 
at the 3 db points and had center frequencies of 8800, 
8900, and 9000 mc. These elements of the prototype 
separator are shown in Fig. 2. 

Briefly, the experimental characteristics pertinent to 
the present discussion are that the circulator exhibited a 
loss of 0.6 db and the filters a loss of 0.8 db in their pass 
bands. 


_ *C.L. Hogan, “The ferromagnetic effect at microwave frequen- 
cies and its applications-the microwave gyrator,” Bell Sys. Tech. J. 
vol. 31; January, 1952. : 

10 J. H. Rowen,” “Ferrites in microwave applications,” Bell S 
Tech. J., vol. 32; November, 1953. : oe 
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Fig. 2—Frequency separator components. 
(a) Circulator, (b) filter. 


The characteristics of the associated filters alone are 
shown in Fig. 3. Here the experimentally measured in- 
sertion loss values have been superimposed on a fre- 
quency scale to show the crossover points. The midband 
losses are 0.8 db. It is seen that the filters are essentially 
identical. 

In Fig. 4 the insertion losses to the outputs of these 
same filters, now located at circulator ports 2, 3, and 4 
respectively, are shown again superimposed. This port- 
filter arrangement was chosen so that the increase in 
insertion-loss level produced by multiple transits of the 
ferrite would appear as “step-wise increasing” with in- 
creasing frequency in the data display. This increase in 
level was exhibited by the e™¢ of the preceding analysis. 
Note that the leading edge of the insertion loss curves 
of the filters located at ports 3 and 4 are distorted. 

This is an example of the interaction effect previously 
mentioned. The experimental results and analytical pre- 
dictions agree fairly well for these distortions. 

Shown in Table I is a tabulation of the pass band 
losses predicted by (15) and those measured experi- 
mentally. As the table shows, the agreement here is 
quite good. 


SOME GENERAL FREQUENCY PartiITION Systems 


The present model of the prototype frequency separa- 
tor has been shown to function adequately in a 3-channel 
branching application, and the experimental results in- 
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Fig. 3—Insertion loss of associated filters. 


- —-  (C) "GEOMETRIC" CONNECTION 


Fig. 5—Three possible branching arrays for freq uency separation. 


“Series” Connection 


The first branching array, shown in Fig. 5(a), is simi- 
lar to the system used in the prototype separator in that 
separation is realized by a set of sequentially arranged 
Ba band-pass filters. Port 1 of circulator I is taken as input, 


Ez 
1 

ray 
SoeeSeeRt eee oe the arrows indicate the path of energy transmission 
‘ etween preferred ports. This array may be considered 
eae, to be a “series” connection in the sense that prior to 


nv 


INSERTION LOSS (db) 


arrival at the proper filter, any energy input into the 


ooaaaee system must traverse a// preceding circulators and be 
000 9100 


available to ail preceding filters. 


“Parallel” Connection 
Fig. 4—Prototype frequency separator experimental results. 

The branching array shown in Fig. 5(b) may be 
viewed as a “parallel” connection in that it is not neces- 
sary for input energy to traverse each circulator in its 
entirety before arrival at the proper filter. 


TABLE I 
FREQUENCY SEPARATOR Pass Banp LossEs 


Port Lradb | Lemdb Lmi(pred.) db] Lya(meas.) db It should be clear that the particular filter configura- 
2 0.8 0.6 1.4 1.54.6 taste PAR Hee and band-pass, is not the only 
3 0.8 tz 2.0 1.9-2.0 possible arrangement for this type of i 
4 0.8 1.8 2.6 2.7-2.8 3 ce: Caen tee tan 

Lm = Lem + Lem “Geometric” Connection 


From its similarity to a geometric progression, the 
third branching array shown in Fig. 5(c) may be viewed 
as a “geometric” interconnection. The circulators may 
be considered to be grouped into a series of “banks”. _ 

Space does not permit a complete exposition of the 
performance of each of these systems. The pertinent 
characteristics are summarized in Table II. The per- 
formance can be compared in terms of the circulator 
loss function UniA ; where A is the dissipative loss in the 
ferrite and Um is as shown in the table. 

It is to be noted that while the required number of 
circulators is independent of the type of interconnec- 
tion, the table shows that the ferrite loss function, Uni, 
is extremely sensitive to the form of the array. From the 


dicate the validity of the approximate theory developed 
However, it should not be construed that this type of 
circulator-filter arrangement is unique and must neces- 
sarily be used for channel-branching. The predictive 
aspects of the theory developed above should be capable 
of extension to other types of possible circulator-filter 
channel-branching arrays. As an illustration, the pass- 
band behavior of three possible arrays for a p-channel 
system will be considered. For simplicity any intercon- 
necting lines or filters will be considered perfect, 1.e. 
dissipationless and reflectionless in the pass band re- 
gions. The three systems are shown schematically in 


Fig. 5. 1 
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Pass BAND Losses OF THREE FREQUENCY SEPARATOR SYSTEMS 
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point of view of minimum ferrite loss (especially for 
large p), the geometric type of branching array is 
superior. 

As may be seen from the table, for any given p the 
required number of circulators, Cy, is always the same, 
i.e. independent of the type of connection. This result 
may be viewed as a practical expression of the following 
gyrator network theorem recently established by H. J. 
Carlin of the Microwave Research Institute. 

Theorem: The minimum number of gyrators neces- 

sary for the realization of an n-port (m-terminal- 
pair) circulator is given by 


2(n — 1) 
a(n — 2) 


n odd, 


nm even, 


Gn = 


January 


where Gm is the minimum number of necessary gyrators 
and n is the number of terminal pairs. It may be further 
stated that the minimum number realization can always 
be effected for any m by the interconnection of only 
3-port and 4-port circulators, each type of which re- 
quires only one gyrator. 

From the point of view of the theorem, each of the 
three systems previously described is equivalent to an 
n-port “minimum-number” type of interconnection in 
which n= p+1. Thus, since each circulator provides one 
gyrator, it immediately follows from the theorem that 
the minimum number of necessary circulators will be as 
shown below. 


n odd, p even, 


n—2 
) = n even, p odd. 
2 2 
The results for C, tabulated in Table II represent 
special cases of this general result and there is no other 


possible connection which can use a smaller number of 
components. 
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Ferrite-Loaded, Circularly Polarized 


Microwave Cavity Filters" 
W. L. WHIRRY{ ann C. E. NELSONT 


Summary—Circularly polarized cavities have made possible a 
group of compact, high-Q, microwave waveguide filters having useful 
directional properties. When these cavity filters are ferrite loaded, 
frequency sensitive circulators result and magnetic tuning becomes 
possible. This paper presents several new three- and four-port fer- 
rite-loaded filters, some with 3-db waveguide couplers, which can 
be used as tunable band-pass filters, tunable band-rejection filters, or 
as passive, selective duplexers. As duplexers, they can be operated 
at a fixed frequency or can be magnetically tuned over a one to five 
per cent frequency range at X band depending upon the allowable 
loss. Experimental loss, bandwidth, isolation, and tuning data are 
presented. Temperature stability and power handling capacity are 
also discussed. 


INTRODUCTION 


AVITIES utilizing degenerate modes phased to 
( produce circularly polarized microwave mag- 

netic fields at some point in the cavity have been 
used extensively to measure ferrite permeability param- 
eters. The circularly polarized cavity fields have been 
excited in several ways. A quarter-wave plate in a cir- 
cular or square waveguide can be used to produce cir- 
cularly polarized waveguide fields which are then 
coupled through a small aperture to the cavity.!~* Two 
apertures, which are 90 electrical degrees apart in the 
cavity have been used to excite orthogonal linear modes; 
by exciting them 90° apart in time phase circular polari- 
zation results. A single aperture has also been used to 
couple into a degenerate cavity with a ferrite placed in 
a region where a circularly polarized magnetic field can 
exist.4-* When a magnetic field is applied to the ferrite, 
the cavity degeneracy is removed in the sense that the 
resonant frequencies for positive and negative circular 
polarization separate. The single aperture thus sees two 
resonant frequencies, and at each of these resonances, 
couples primarily to only one sense of polarization. For 


* Manuscript received by the PGMTT, June 24, 1957. 

+ Res. Labs., Hughes Aircraft Co., Culver City, Calif. 

1 J. O. Artman and P. E. Tannenwald, “Measurement of perme- 
ability tensor in ferrites,” Phys. Rev., vol. 91, pp. 1014-1015; August 
15, 1952. . 

“Measurement of susceptibility tensor in ferrites,” J. A ppl. Phys., 
vol. 26, pp. 1124-1132; September, 1955. ea 

2 EF. G. Spencer, R. C. LeCraw, and F. Reggia, Measurement of 
microwave dielectric constants and tensor permeabilities of ferrite 
spheres,” Proc. IRE, vol. 44, pp. 790-800; June, 1956. } 

3M. Tinkham and M. W. P. Strandberg, “The excitation of cir- 
cular polarization e microwave cavities,” Proc. IRE, vol. 43, pp. 

—738; 1955. 
ial Bene and B. Lax, “Cavities with complex media,” 1953 
IRE ConvENTION RECORD, pt. 10, pp. 65-69. Fi r 

5 B. Lax and A. D. Berk, “Resonance in cavities with complex 
media,” 1953 IRE ConvENTION REcoRD, pt. 10, pp. 70-74. 

© R. C. LeCraw and E. G. Spencer, “Tensor permeabilities of fer- 
rites below magnetic saturation,” 1956 IRE ConvENTION RECORD, 


pt. 5, pp. 66-74. 


some applications such as the tunable, band-pass filter, 
only one resonant frequency is desired, and a multiport 
filter which can distinguish between directions of field 
rotation is desirable. 

In most of these experiments for the determination of 
ferrite properties, the desire has been to make the polari- 
zation at the ferrite as nearly circular as possible and to 
keep the ferrite samples as small as possible to increase 
the accuracy of the perturbation calculations. The 
coupling apertures used were generally much smaller 
than required for microwave filter applications. 

Circularly polarized cavities have recently been in- 
corporated as microwave circuit elements, and several 
compact, nearly reflectionless microwave filters have 
resulted.’—® The use of circular polarization in effect re- 
places two cavities and associated connecting plumbing 
with a single cavity. (Two previous filters requiring two 
cavities are described by Lewis and Tillotson!® and 
Bowers and Curtis.!! Another reflectionless filter re- 
quiring only one cavity is described by Klopfenstein and 
Epstein.!?) In general, these filters have used coupling 
from two waveguide field components—for example, 
H, and H,—through a single aperture. This symmetrical 
type of coupling makes it possible to essentially elimi- 
nate reflections in the waveguide over a wide band of 
frequencies including the cavity resonant frequency. 
This property greatly simplifies cascading of the cavity 
filters. Band-pass and band-elimination filters have been 
built using these cavities, but perhaps the most interest- 
ing filter is a four-port device which can be used as a 
reflectionless, channel-separation filter. 

Ferrite loading has been applied to these filters with 
the object of producing tunable, nonreciprocal micro- 
wave elements while preserving the desirable features 
of the low-loss cavity. (Ferrite tuning of linear cavity 


7S. B. Cohn and F. S. Coale, “Directional channel-separation 
filters,” Proc. IRE, vol. 44, pp. 1018-1024; August, 1956; also, 
1956 IRE ConvENTION RECORD, pt. 5, pp. 106-112. 

8C. E. Nelson, “Circularly polarized microwave cavity filters,” 
IRE Trans., vol. MTT-5, pp. 136-147; April, 1957. 

9C. E. Nelson and W. L. Whirry, “Development of circularly 
polarized microwave cavity fiters,” 1957 NATIONAL IRE COoNvVEN- 
TION RECORD, pt. 1, pp. 191-196. : 

10 W. D. Lewis and L. C. Tillotson, “A nonreflecting branching 
filter for microwaves,” Bell Sys. Tech. J., vol. 27, pp. 83-95; January, 
1948. 

1 FE. O. Bowers and C. W. Curtis, “A resonant cavity frequency 
duplexer,” 1956 IRE CONVENTION RECORD, pt. 5, pp. 113-118. 

2 R. W. Klopfenstein and J. Epstein, “The polarguide—a con- 
stant resistance waveguide filter,” Proc. IRE, vol. 44, pp. 210-218; 
February, 1956. me ‘ 

13 C, E. Nelson, “Ferrite-Tunable microwave cavities and the in- 
troduction of a new reflectionless, tunable microwave filter,” Proc. 
IRE, vol. 44, pp. 1449-1455; October, 1956. 
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mode filters is described.4~!® One can show from per- 
turbation theory that for a given mode, a symmetric 
ferrite placed at a point where the rf magnetic field is 
circularly polarized should give a greater total magnetic 
tuning range for a given allowable loss than a ferrite 
placed at a point of linearly polarized rf magnetic field. 
The above presumes a ferrite with small zero field mag- 
netic loss which will allow the total tuning range to in- 
clude zero field. 

Ferrite-loaded band-elimination filters have been con- 
structed using the TE; and the TMi circular cylindri- 
cal modes. Ferrite-loaded four-port filters have been 
described using the TEn2, and TMi modes with cou- 
pling to the end of the cylindrical cavity. These devices 
can be used as magnetically-tunable band-pass filters 
or as selective, passive duplexers. 

The TEi12 mode, with coupling apertures at each end 
of the circular cylinder, requires that the ferrite be sup- 
ported in the center of the cavity, making the applica- 
tion of the dc magnetic field from a permanent magnet 
difficult. The TMio mode is desirable for use with fer- 
rites because a long rod can be located in the circularly 
polarized magnetic field and yet remain magnetically 
small in a perturbation sense.® For ease of ferrite sup- 
port and to allow the magnetic air gap to be as small as 
possible, it is convenient to have both ends of the 
cylindrical cavity free. This paper describes several four- 
port filters which meet these requirements. Three-port 
variations are then described; these, when ferrite 
loaded, will perform many of the useful functions of the 
four-port filters. 


Four-Port FILTERS USING DIRECTIONAL COUPLERS 


By using two 3-db directional waveguide couplers to 
satisfy the power splitting and 90° phase shift require- 
ments for exciting circular polarization with two aper- 
tures, a group of compact, four-port, single-cavity, re- 
flectionless filters has been developed which are well 
suited to ferrite loading. One version is shown in Fig. 
1(a): a degenerate TMi circular cavity is coupled mag- 
netically by four apertures to four rectangular wave- 
guides. One 3-db side-wall coupler is used on each side, 
as shown. Apertures 1 and 3 couple to one TMi cavity 
mode and apertures 2 and 4 couple to the orthogonal 
TMi mode. The frequency sensitivity of the quarter- 
wave aperture-short distance could be eliminated by 
coupling to the end of the waveguides. Energy entering 
port A will be divided by the 3-db coupler. One half of 
the incident input energy reaches aperture 1 and the 
other half arrives at aperture 2, lagging that at aperture 
1 by 90° in time. Thus, a counterclockwise rotating 
cavity mode tends to be excited. At or near resonance, 


14 J. C. Cacheris and G. Jones, “Magnetic tunin 5 
cavities,” Proc. IRE, vol. 43, p. 1017; Acetae 1955." bebe ee 

1G. R. Jones, J. C. Cacheris, and C. A. Morrison, “Magnetic 
tuning of resonant cavities and wide band frequency modulation of 
klystrons,” Proc. IRE, vol. 44, pp. 1431-1438; October, 1956 

6 C, E. Fay, “Ferrite-tuned resonant cavities,” Proc. IRE vol 
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Fig. 1(a)—Four-port, circularly polarized filter using 
two 3-db couplers. 


energy will be coupled out of apertures 3 and 4 and 
will be 90° out of time phase so that addition occurs in 
arm D and cancellation in arm C. 

Consider the behavior of the cavity without the fer- 
rite, or with the ferrite demagnetized. In terms of linear 
modes; two orthogonal cavity modes which have equal 
amplitudes but are 90° out of time phase are excited by 
apertures 1 and 2. There are band-pass filters between 
apertures 1 and 3 and between 2 and 4. At the cavity 
resonant frequency (each mode will be resonant at the 
same frequency), energy will be coupled out apertures 
3 and 4 and will be of the proper phase so that addition 
occurs in arm D and cancellation occurs in arm C. 
Ideally, energy reflected at apertures 1 and 2 and at the 
short circuits, both on and off resonance, will add in 
arm B and cancel in arm A. Therefore, there is a re- 
flectionless, band-pass filter between ports A and D, and 
a band-elimination filter between ports A and B. The 
characteristics are, of course, reciprocal and symmetri- 
cal with respect to any port, in this case. 

When a longitudinally magnetized ferrite rod is 
placed in the center of the cavity, the normal modes of 
the cavity become rotating field patterns with different 
resonant frequencies for positive and negative senses of 
rotation.4 Energy entering port A will tend to couple 
into a clockwise rotating mode, which corresponds to 
positive circular polarization with resonant frequency 
f+ for the direction of dc magnetic field shown. Energy 
entering port B will tend to excite negative circular 
polarization, resonant at f_. At fy, the filter is essentially 
a four-port circulator with energy circulating between 
ports in a clockwise direction. At f_, energy circulates 
in a counterclockwise direction. A magnetically tunable 
band-pass cavity acts in series with legs A—D and B-C. 
Far from resonance, the device is no longer a circulator 
and a waveguide path which will take high power existe 
between ports A and B and between ports C and Ls 

For an experimental model of this filter, curves of fre- 
quency shift due to the ferrite vs applied dc field are 
shown in Fig. 1(b) for three Ferramic R-1 rods of differ- 
ent sizes. The rods are slightly shorter than the length 
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Fig. 1(b)—Resonant frequency, port A to port D, 
vs dc magnetic field. 
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Fig. 1(c)—Resonant frequency, port A to port D, 
vs dc magnetic field. 


of the cavity in each case. The curves have the general 
shape of the effective permeability curves for circular 
polarization. The way in which the frequency shift for 
the larger diameter rod is departing from a simple per- 
turbation might be roughly seen by comparing the ratio 
of the frequency shifts due to the large and small ferrites 
at a given magnetic field, to the ratio of their volumes. 
Ata field of —500 oersteds, the 0.188-inch-diameter rod 
gives nearly 50 per cent more frequency shift than 
would be predicted from the shift for the 0.126-inch- 
diameter rod and the increase in volume. At +500 
oersteds, it gives approximately 30 per cent more. For 
positive fields greater than about 1300 oersteds, the 
larger rods give less frequency shift than would be ex- 
pected. The different value of fo for each rod is due pri- 
marily to the zero field permeability of the ferrite. Be- 
cause of the severe effect of ferromagnetic resonance 
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Fig. 1(d)—Insertion loss, port A to port D, 
vs dc magnetic field. 
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Fig. 1(e)—Bandwidth, port A to port D, 
vs dc magnetic field. 


losses on the total cavity loss, it will be seen that the 
useful operating region of these cavities as tunable, 
band-pass filters is the region near and below saturation 
for both positive and negative circular polarization. 
Above saturation for negative circular polarization, the 
frequency shift moves back toward zero. 

A ferrite rod which is longer than the cavity would be 
expected to give a more uniform dc field in the ferrite 
and more uniform circularly polarized rf fields. Fig. 1(c) 
shows the frequency shift curve for a g-inch diameter 
Ferramic R-1 rod which extends beyond each end of the 
cavity. The frequency shift at a given dc field is seen to 
be slightly larger than for the shorter R-1 rod, as ex- 
pected. 

Figs. 1(d) and 1(e) illustrate the insertion loss at reso- 
nance and bandwidth of the tunable band-pass filter be- 
tween ports A and D for the long ferrite rod. The higher 
loss and larger bandwidth at zero field are due to stray 
coupling and consequent loss in the unwanted sense of 
circular polarization, since both senses are resonant at 
the same frequency with the ferrite unmagnetized. The 
loss and bandwidth could undoubtedly be reduced by 
closer mechanical tolerances. When magnetized, the 
ferrite actually improves the performance of this filter. 
For larger negative fields than are shown in the curves, 
the insertion loss and bandwidth for negative circular 
polarization rise rapidly. This is presumably due to the 
component of positive circular polarization present off 
the cavity axis. For most applications, this effect is un- 
important. 

The insertion loss of the band-pass filter and the un- 
loaded cavity Q, including ferrite losses, for a given fre- 
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quency shift are plotted in Fig. 1(f) for the three shorter 
ferrites. The empty cavity, without ferrite, has an un- 
loaded Q of approximately 9000. Each window has a 
window-coupling factor, Qw, of 3000 for coupling to a 
linear cavity mode or a Qy of 6000 for coupling to a 
single rotating mode using a magnetized ferrite. When 
coupling to a rotating mode, the two windows on one 
side of the filter give a combined window Q of 3000. It 
can be seen that a tuning range of 175 mc can be ob- 
tained with an unloaded Q near 6000 using the smallest 
diameter ferrite, while a tuning range of 550 mc can be 
obtained with an unloaded Q of 3000 to 4000 using the 
largest diameter rod. This behavior is the result of the 
ferrite permeability and loss characteristics considered 
as perturbations, but the broadening and flattening of 
the central portion of the curve for the larger rods is 
aided by the way in which the operation is departing 
from a simple perturbation. 

As this filter is a circulator at resonance, it might also 
be used as a selective, passive duplexer. The transmitter 
is connected to port A and operates at f_. The antenna 
is connected to port B and the receiver to port C. Energy 
from the transmitter encounters a cavity off resonance 
and is reflected to the antenna. Incoming energy from 
the antenna at f_ sees a resonant cavity and is coupled 
out port C. Since reflections from the antenna reach the 
receiver directly, this system requires a very well 
matched antenna to operate without some additional 
protective tr device for the receiver. There is some re- 
mote possibility of using the cavity itself as the tr 
switch. The duplexer can be operated at a fixed fre- 
quency or it can be tuned over a limited range by vary- 
ing the dc field. Zero field must be avoided. To minimize 
antenna-receiver losses, the 0.125-inch-diameter X 1.69- 
inch ferrite was used in the experimental cavity. From 
Figs. 1(c)—1(e), it is seen that for fixed-frequency op- 
eration with minimum loss and bandwidth, transmis- 
sion through the cavity should be via negative circular 
polarization with magnetic fields between about 100 
and 1000 oersteds. Over this range, stray variations in 
magnetic field have little effect on the resonant fre- 
quency. A small Alnico 5 permanent magnet (3 by 4 by 
24 inches) was chosen which gave an effective field of 
approximately 175 oersteds. At this field strength the 
nonuniformity of the field was found to have little 
effect on loss. The separation between the resonant fre- 
quencies for positive and negative polarization was 
about 150 mc, and the loss between transmitter and 
antenna was 0.2 db. The loss between antenna 
and receiver was 1.36 db and the bandwidth was 
7.0 mc. The theoretical cavity-wall losses for silver 
would produce a loss of 0.85 db. Normally, the cavity- 
wall losses are from 25 to 40 per cent higher than this 
value. Therefore, in this case the added loss due to the 
ferrite is small. Fig. 1(g) shows the isolation between 
transmitter and receiver for a perfectly matched an- 
tenna, as a function of frequency. At the operating fre- 
quency the isolation, before any attempts at maximizing 
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Fig. 1(g)—Isolation, port A to port C, vs frequency. 


it, was only 23 db. Fig. 1(g) is included because it gives 
a good indication of the way in which stray coupling is 
occurring between transmitter and receiver. The large 
dip near the operating frequency f_ is mainly due to 
energy transmitted through the cavity via negative 
circular polarization. This energy can reach the cavity 
because of imperfect power division and phase errors 
in the left-hand 3-db coupler, unequal coupling-hole 
sizes in apertures 1 and 2, and phase errors due to un- 
equal line lengths or coupling holes not spatially at 90°, 
By correcting the phase and equalizing the power divi- 
sion on the transmitter side, the isolation was raised 
above 40 db at the operating frequency. The smaller dip 
in Fig. 1(g) near Af = +80 mc, is a measure of the energy 
coupled through the cavity by positive circular polariza- 
tion. This energy is directly coupled into the cavity 
which is off resonance to this frequency and can reach 
the receiver only through phase and power-splitting 
errors occurring on the right-hand side of the filter. 

The input vswr of the filter is less than 1.25 Over the 
range of the couplers. At resonance it drops to 1.1. In 
tentative tests, the device operated at a transmitter- 
pulsed peak power of 250 kw without breakdown into a 
load vswr in arm B of 1.1. 
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Fig. 1(h)—Frequency drift vs temperature. 


Fig. 1(h) shows the variation in cavity resonant fre- 
quency vs temperature with the small Alnico 5 per- 
manent magnet in place. As would be expected, for 
transmission on negative circular polarization, the fre- 
quency drift was slightly less than that for the brass 
cavity without ferrite. For positive circular polarization 
at this field the drift for the ferrite-loaded cavity was 
approximately four times larger. By proper choice of 
cavity mode and magnet configuration, low-expansion 
ferromagnetic alloys, such as invar, can be used to re- 
duce this drift as in normal cavity design. Electrical 
temperature compensation is also possible. 

Many variations of this filter are possible by using 
top- or side-wall couplers and other cavity modes. For 
example, Fig. 2 shows one version using only two aper- 
tures. In this arrangement, energy is reflected from the 
cavity near resonance and emerges from port B. Off 
resonance, the rf energy does not see the cavity and adds 
atepOrtsc, 


THREE-PoRT FERRITE-LOADED FILTERS 


For duplexer operation, the previous four-port filters 
have an unused arm which must be terminated in a load. 
In lossless nonreciprocal devices it is possible to have 
three- as well as four-port networks which are theoreti- 
cally matched looking into all ports, and the resulting 
three-port circulators have the proper characteristics 
for passive duplexer operation, again assuming a very 
well matched antenna. It does not appear possible to 
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Fig. 2—¥errite loaded, circularly polarized filter using two 3-db 
couplers, and two coupling apertures. 


build a two-port, tunable, band-pass filter using a cir- 
cularly polarized cavity which will have only one reso- 
nant, transmission frequency, unless nonreciprocal or 
nonlossless elements in the cavity-waveguide coupling 
system are allowed. A three-port filter should thus be 
the simplest configuration for this purpose. As will be 
seen, however, difficulty arises in trying to tune through 
the zero dc field condition. With these characteristics in 
mind, several three-port filters were investigated. 

Fig. 3(a) illustrates a three-port filter which uses fer- 
rite-loaded, degenerate, circular, TMuo cavity modes. 
The coupling aperture in waveguide A-B is placed at 
the point of circularly polarized magnetic field in the 
waveguide. Waveguide C is magnetically coupled to the 
TMi cavity mode. Energy entering port A tends to 
excite a positive circularly polarized TMi cavity mode 
and energy entering B, a negative circularly polarized 
mode for the dc magnetic field shown. Port C couples 
energy out of the linearly polarized component of these 
fields shown by the solid lines in the top view in Fig. 
3(a). Port C thus has equal coupling to either positive 
or negative sense of cavity field rotation. The magnetic 
field at the wall of the cavity is, of course, linearly po- 
larized in either case. The position of arm C around the 
cavity does not alter the operation of the filter. 

The filter has nonreciprocal directional properties 
similar to those of the four-port filter previously de- 
scribed. The filter is band-pass at one frequency from A 
to C or from C to B and band elimination from A to B. 
The filter is band-pass at another frequency from B to 
C or from C to A and band elimination from B to A. 
These are the directional properties of a three-port cir- 
culator which circulates the energy between ports in one 
direction at or near f; and in the opposite direction at 
or near f_. Far from resonance, ports A and B are 
directly connected and port C is decoupled. 

For an experimental, X-band model, the resonant 
frequency for maximum transmission through the band- 
pass filter from port A to port C as a function of dc 
magnetic field is shown in Fig. 3(b). It is seen in Figs. 
3(c) and 3(d) that losses are a minimum for transmis- 
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Fig. 3(b)—Resonant frequency, port A to port C, 
vs dc magnetic field. 


sion via negative circular polarization and rise rapidly 
with appreciable positive dc fields. As before, for trans- 
mission via negative circular polarization the resonant 
frequency is nearly independent of applied field below 
about —100 oersteds, while the insertion loss remains 
low between — 100 and —1000 oersteds. With transmis- 
sion by positive circular polarization a limited tuning 
range is possible before the insertion loss begins to rise 
because of ferrite resonance losses. 

This filter might also be used as a selective duplexer. 
The transmitter would be connected to port B, the an- 
tenna to port A, and the receiver to port C. The fre- 
quency curve in Fig. 3(b) gives the operating frequency 
for a given dc field from a permanent magnet. The in- 
sertion loss and bandwidth curves in Figs. 3(c) and (d) 
are then the loss and bandwidth between the antenna 
and receiver. Energy from the transmitter sees a cavity 
off resonance and passes to the antenna with negligible 
loss. Energy from the antenna sees the cavity on reso- 
nance and is passed to the receiver. 

It can be seen from Figs. 3(c)—3(d) that an effective 
magnetic field of —175 oersteds again gives nearly 
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minimum losses and a reasonable frequency separation 
between f, and f_. 

When a small permanent magnet is used, energy en- 
tering arm B from the transmitter sees a cavity that is 
100 mc off resonance, and any energy reaching the re- 
ceiver in arm C by this path is attenuated over 30 db. 
This isolation of receiver from transmitter is shown as a 
function of frequency in Fig. 3(e). The curve closely 
follows the calculated coupling through a cavity off 
resonance except for the peak near the frequency of 
maximum A to C transmission. This cancellation is 
probably caused by stray coupling due to asymmetries 
in the cavity and coupling holes. 

The vswr looking into arm B is less than 1.10 over a 
10 per cent bandwidth at X band, including both reso- 
nances. 

A theoretical analysis of the filter shows that there isa 
definite relation between coupling-hole diameters for 
minimum insertion loss, as would be expected. The holes 
in the filter just presented were near to the optimum 
size. A small adjustment in hole diameter did reduce the 
insertion loss from 1.6 to 1.2 db, but it raised the band- 
width from 6.7 to 8.6 mc. 

It is interesting to consider the characteristics of the 
filter looking from the receiver into arm C. Energy en- 
tering this port can couple into the cavity at either of the 
two resonant frequencies of the circularly polarized 
cavity modes. The side-coupling hole has the proper 
symmetry for coupling into the linearly polarized TMijo 
mode shown by the solid lines in Fig, 3(a). The ferrite 
then couples energy from this mode into the orthogonal 
mode which lags or leads by 90° in time. Consequently, 
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Fig. 3(e)—Isolation, port B to port C, 
vs frequency. 


a nearly pure circularly polarized cavity field results at 
each resonant frequency when they are well separated. 
Off resonance, the excited cavity field is small, and 
essentially all energy entering C is reflected. With zero 
dc field, there is no coupling through the ferrite; hence, 
only the single linearly polarized mode is excited which 
couples equally out ports A and B. This single mode 
could also be decomposed into oppositely rotating fields 
which would then couple equally out of ports A and B. 
This division accounts for the increased loss and band- 
width seen in Fig. 3(c) at zero field. It should also be 
noted that the vswr looking into ports A and B rises at 
zero field because the two linear cavity modes are not 
loaded equally and consequently their reflections do not 
cancel in the main guide. 

The input vswr looking into port C at resonance for 
the negative circularly polarized fields is 1.3. This value 
could theoretically be made 1.0 with only a negligible 
increase in loss with the same bandwidth by a slight in- 
crease in coupling-hole size at port C and a slight reduc- 
tion in the other coupling-hole size. 

Fig. 4 shows a three-port filter using one 3-db side- 
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Fig. 4—Ferrite loaded, three-port filter using one 3-db coupler. 


wall coupler. The over-all characteristics with respect to 
ports A, B, and C are similar to those of the previous 
three-port filter. The power-handling capacity is prob- 
ably slightly higher, and a closed magnetic circuit can 
be more easily used. As with the other three-port filter, 
the isolation is dependent upon the off-resonance char- 
acteristic of the cavity and is not aided by the added 
directivity of a second 3-db coupler. 


CONCLUSION 


By exciting circularly polarized modes in microwave 
cavities, a new group of compact filters is made avail- 
able. By ferrite-loading cavities, these filters become 
tunable and nonreciprocal. This paper has presented 
preliminary experimental data on these ferrite-loaded 
filters to indicate some of their general properties. For 
the ferrite sizes used, the ferrite losses in the filters are 
less than the cavity-wall losses when operating away 
from ferromagnetic resonance; therefore, these losses 
should not restrict the use of ferrites in microwave 
cavity filters. 
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Resonant Properties of Nonreciprocal Ring Circuits* 
F, J. TISCHERt 


Summary—The ring circuit investigated consists of a resonant 
ring guide coupled to a main guide. The properties can be described 
by the equations for the waves in the ring guide resulting from ex- 
citation in the main guide. The influence of nonreciprocity on the 
properties is investigated under conditions of varying coupling. The 
representation of the ring waves by the poles and zeros is chosen to 
permit interpretation of the results under the large variety of opera- 
tional conditions with respect to coupling and nonreciprocity. The 
application for measuring the material constants of ferrites is dis- 


cussed. 
INTRODUCTION 


HE properties of ring circuits under different 
“Cerne conditions were described in a previous 

paper.! Applications and special cases have been 
considered in the literature.2-> The general properties of 
nonreciprocal ring circuits are the subject of this investi- 
gation. 

The properties of nonreciprocal ring circuits are in- 
teresting from the viewpoint of different applications, 
one of which is the possibility to measure the properties 
of ferrite materials in a directionally coupled resonant 
ring guide.* In properly conducted experiments, the in- 
trinsic tensor permeability can be determined. 

Nonreciprocal conditions in ring circuits can be ob- 
tained by filling a part of the cross section of the ring 
guide along a section or along the total circumference 
with premagnetized ferrite material. As a consequence, 
the propagation constants have different values for 
waves progressing in the ring guide in both directions. 
Two cases are of primary significance. One occurs when 
the phase velocity is different in the two directions. The 
other case results from excessive attenuation in one di- 
rection. 

Since the properties of ring circuits depend on the 
coupling conditions, it is convenient to study the waves 
in the ring guide under interaction with a waveguide to 
which it is coupled and from which the energy is fed into 
the ring. Cne can distinguish between different coupling 
conditions as directional, nondirectional, and semidirec- 
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tional coupling. A fourth significant condition occurs if 
an additional discontinuity is introduced into the ring 
guide. This additional discontinuity takes into account 
the case where energy is coupled out of the ring guide 
into a second waveguide by a second coupling element. 

The great number of significant operational condi- 
tions complicates the description of the properties. This 
description should show primarily the influence of the 
nonreciprocity on the resonant frequency or resonant 
frequencies and on the Q value. A valuable tool for de- 
scribing the properties was found in the representation 
of the ring-wave amplitudes as rational functions by 
their poles and zeros. The method is derived in Ap- 
pendix II for the case of the reciprocal ring guide. The 
interpretation of the results is further simplified if the 
coupling conditions are described by the wave-coupling 
factors. The derivations of the corresponding relations 
are shown in Appendix I. 


THE SYSTEM UNDER INVESTIGATION 


The system under investigation consists of a wave- 
guide to which a ring guide is coupled as shown sche- 
matically in Fig. 1. The coupling element, shown in 
Fig. 2,is a four port of which arms 3 and 4 are connected 
by a section of waveguide or transmission line forming 
the annular ring. Arms 1 and 2 form the waveguide to 
which the ring guide is coupled. 

The scattering properties of the junction will be de- 
scribed by the reflection coefficients prn, transmission 
coefficients Tam, and by the coupling factors k, and , for 
the waves passing from one waveguide into the other. 
The simplifying assumption is made that port 2 is ter- 
minated with a matched termination and that the cir- 
cuit is fed by port 1. The general case, which includes a 
reflected wave hz incident into port 2, can be considered 
as a superposition of the waves in the two cases when 
the circuit is fed alternately by port 1 and 2. 

The reflected wave r and the incident wave h in 
the region of the junction are related by a scattering 
matrix S: 


r = Sh. (1) 


Because of symmetry of the junction, reciprocity, and 
matched termination, the scattering matrix has the 
form 


S= (2) 


k, Ri, UP Po 


where ka and &, are the coupling factors between the 
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Fig. 1—Nonreciprocal ring circuit. 
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Fig. 2—Coupling conditions: (a) directional coupling, 
(b) nondirectional coupling. 


coupled waveguides in the forward and reverse direc- 
tions; 


(3) 
(4) 


The scattering matrix yields a system of equations 
from which the different waves can be determined. The 
waves progressing in the ring guide in both directions to 
the junction are denoted by h3 and fy. With the magni- 
tudes of h3 and hs known, the total input reflection co- 
efficient p:, and transmission coefficient in the main 
guide T12 can be calculated, 


Rp = 713 = T31 = Toa = 742, 


k, == junk pei © ae 


val hskn + hak, 
w= st (5) 
p a po ee 
and 
T2 h3kr + hk, 
T12 Py us a 


The properties of the ring circuit as a filter are com- 
pletely defined by the waves in the ring hs and /u. The 
superposition of hs and fy yields pin and 712 which de- 
scribe the reaction of the ring circuit on the main guide. 
A similar relation can be obtained for the case in which 
energy is coupled out of the ring guide by a second cou- 
pling element into a second waveguide. Under this con- 
dition, the circuit operates as a transmission type filter. 
Also in this case h3 and hs define completely the proper- 
ties of the circuit. Therefore, the investigation will con- 
centrate on the ringwaves hz and hy. 
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COUPLING CONDITIONS 


It is possible to distinguish between three distinct 
coupling conditions: 1) directional (¢=0), 2) nondirec- 
tional (¢=1), and 3) semidirectional (0 <q <1) coupling, 
where g=k,/k,. The coupling depends on the properties 
of the coupling element. 

The results of an investigation of the coupling prob- 
lem are shown in Appendix I. Capacitive coupling be- 
tween the waveguides is considered. According to the 
derivations, the junction data can be described in a gen- 
eral manner by approximate expressions for py and 7; 

po ~ — iq| kal ~ — &, (7) 
and 
rz 1— [ki +¢) —il| kl. (8) 


Eqs. (7) and (8) will permit a better interpretation of 
the results. 


DESCRIPTION OF NONRECIPROCAL RING 
WAVES BY POLES AND ZEROS 


The representation of ring waves hy and hz by poles 
and zeros is used to show the influence of nonreciprocity 
on the properties of the ring circuit. The equations are 
similar to those of Appendix II for the reciprocal case. 

The wave propagation within the ring guide is char- 
acterized by (9) and (10) 


hs = 76-2, 


Ns es TN 
hy="956 fer? 


(9) 
(10) 


where e4% takes into account the nonreciprocity in both 
directions (Fig. 1). The introduction of (9) and (10) into 
the system of equations derived from (2), yields 


1 — rete“ + gpoete*# 


r3 = hk Wil 
: a (1 — re%e4#)(1 — re~tet4t) — po2e2¢ ov 
and 
1 
1 — reFetA? +. — poe ters? 
= Ink 2 
ue eng (1 = re*en**) (1 — re *et At) —po?en?* ae 
It follows that 
e? — e%3 
ae : 2) pau eOeNIE ees 
hy = hykne (ian pene (13) 
e? — e?4 
fi 2p Sle ae ee 
hs hiRnge (e@ a et) (e =3 ¢$?) ) (14) 
in which 
7S Soil 
e?1:2 = 7 cosh Ad + po 5 (sinh? Ag+ 1), (15) 
po 
ef? = e“4(r — gpo), (16) 
1 
ett = ethe (; ax rn). (17) 
q 
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The poles e412 are obtained as solutions of quadratic a 
equation when the denominators of (11) and (12), which 
are equal, are multiplied by e? and equated to zero. 
Expressions for e% and e* are derived from the numera- 


tors. 


DIFFERENCE OF WAVE VELOCITY 
IN Botu DIRECTIONS 


As a significant case of nonreciprocity, the value of 
A@ is assumed purely imaginary: 


Ag = iABL. 


This case results from differences of the wave velocities 
in both directions in the ring guide. Low dc magnetiza- 
tion of ferrites yields this condition. 

If the variation ABL of the total phase shift due to 
nonreciprocity is small, the trigonometric functions de- 
rived from (15) may be replaced by the corresponding 
series and higher order terms may be neglected. Intro- 
duction of the approximate coupling data [(17) and (18) ] 
gives 


ena 1 — | by [1 + g? + 3m) 
—ilka| (1 F Ve? +m), (18) 
ets = 1 — | ka 2(1 + 9? + 3m?) 
—il&| (i — +m), (19) 
and 
ev =~ 1 — | ka [21 + g? + 4m?) +i] kal m, (20) 


where m =ABL/| k,| is the ratio of the phase shift dif- 
ference to | &,| which is the coupling coefficient for the 
waves passing in the forward direction from the main 
guide into the ring guide. The coupling conditions 
(directional, nondirectional, and semidirectional) are 
defined by gq. 

According to (13) and (14), the poles e*%1, e# and the 
zeros e*3 and e%4 describe the frequency dependence of 
the ring waves hy and hs, based on the same concept as 
used in Appendix II in connection with Fig. 7. The real 
parts | Ral 2(1+q?+4m?) show the influence of coupling 
and nonreciprocity on the Q value, and the imaginary 
parts of the poles show the influence on the resonant 
frequencies. Caution must be exercised if a zero coin- 
cides with a pole thus yielding a single-peak resonance 
curve. 

The imaginary parts Y, =Im (e*») which show the in- 
fluence of coupling and nonreciprocity on the resonant 
frequencies are plotted in Fig. 3 as a function of the 
coupling (q) for different values of m=ABL/|k,|. The 
magnitude of m is a measure of the nonreciprocity. The 
poles are shown in the diagram a, the zeros for the waves 
in both directions in diagram }. The diagrams show for 
which value of g and m the poles and zeros coincide, such 
as Y,, Ys, and Y; for g=0 and m=0 and Y, and Y; for 
m=0 and g=1. It is interesting to note that only in the 
case of purely directional coupling (¢=0) the nonrec- 
iprocity does not dislocate coinciding poles and zeros. 
In all other cases, nonreciprocity leads to a splitting of 
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Fig. 3—Influence of nonreciprocity on the resonant frequencies. 
Imaginary parts of poles and zeros. (¢=k,/Rkn; m=Ad/ |p|.) 


poles and zeros. This is important in the case of non- 
directional coupling (¢g=1) where the single-peak reso- 
nance curve changes into a double-peak curve due to 
nonreciprocity. Effects of this type are important in the 
case of the measurement of ferrite properties in a ring 
guide. 


EXCESSIVE ATTENUATION IN ONE DIRECTION 


Other interesting conditions result from excessive 
attenuation in one direction and negligible attenuation 
in the other direction in the ring guide. Under these con- 
ditions the ring waves are related by 


hs = rse¢e—* (21) 
and 
ha = r3e-?, (22) 
where 
Ag = AaL. (23) 


The excessive attenuation in one direction can be pro- 
duced by ferrite material magnetized near gyromag- 
netic resonance. An isolator as a section of the ring cir- 
cuit has the same effect. 

Calculation of the poles and zeros yields: 


A A¢? 
eta 1— 2] k, [2 — i] Ra ~ 4 4/~—— | als (24) 


evs ~ 1 — 2| ky |? — Ad (25) 


and 


Ge ee jl <= 2| kal?, (26) 


for nondirectional coupling which is the most interesting 
case (k,=k,). Fig. 4 shows the locus of the poles for 
varying excessive attenuation in one direction. 

The quotient 73/74 is another quantity which is of par- 
ticular interest in the case of differing attenuation. It 


Fig. 4—Loci of poles and zeros of the ring waves for varying 
excessive attenuation. Nondirectional coupling. 


may be shown from (11) and (12) that 


T3 e? _ ees 

a 2, 

¥4 e? — e?4 ( ) 
Eq. (27) can be treated in the same manner as one of the 
wave functions. 


ADDITIONAL DISCONTINUITY IN 
THE RING GUIDE 


The ring guide has similar properties to those of a 
cavity with different wave modes which resonate at the 
same or at different frequencies. The latter case corre- 
sponds to a nonreciprocal ring guide. A single-peak 
resonance curve is obtained if no coupling exists be- 
tween the waves in both directions in the ring guide. 
This occurs for purely directional coupling where the 
discontinuity of the coupling element is negligible 
(po =0). Consequently, the question of what happens if 
a discontinuity is introduced into a nonreciprocal, di- 
rectionally coupled ring guide arises. This problem oc- 
curs in practice when a ferrite material probe is intro- 
duced into a ring circuit for determination of its ma- 
terial properties. 

The ring waves are expressed by 


hs = rapie* + r4(1 + pile te 4”, 
ha = rapie~* + 13(1 + pile *eta®”, 


where reflections result from a symmetrical disconti- 
nuity located diametrically opposite to the coupling ele- 
ment in the ring guide. The reflection coefficient of the 
discontinuity is p1, and for the nonreciprocity, a differ- 
ence of total phase shift in both directions 2A8L is in- 
troduced. 

The ring waves are described by 


(28) 
(29) 
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N on 5 Canes 
h RRR eee Ott eee ede rs = Mak, — (30) 
™d 4 1h (e% 44) (e062) NT ; e $(e% a eft) (e? = e?) 
hy and 
e? — e?4 
= hyk,9 
e tue: e*(e — e?1) (e¢ ==3 e??2) ‘ (31) 
where the poles and zeros are defined by 
A JINGLE)” 
eri? = ft afte us 
e 2 2 
; Ap® 
+ 14/ (ABL)? + eh (32) 
_ AP 
cfs = r( 1 — oe Ce (33) 
and 
Ap 
ef — et4 = — it =" es, (34) 


for small values of the discontinuity (9:= —iAp/2) and 
of the nonreciprocity. 

Evaluation of (30) through (34) shows that the 
ring waves in the reversed direction result directly from 
the discontinuity, (34), and that the discontinuity splits 
a coinciding pole and zero. Instead of a single-peak reso- 
nance curve without discontinuity, a double-peak curve 
is obtained. 


CONCLUSION 


It is desirable to treat the ring circuit under a variety 
of conditions which take into account coupling to an 
input and output waveguide. The representation of the 
waves in the ring guide by the poles and zeros of a ra- 
tional function gives a satisfactory description of the 
ring circuit properties and shows clearly the influence 
of nonreciprocity under the different coupling condi- 
tions. Consideration of practical coupling conditions 
and the introduction of the corresponding relations (Ap- 
pendix I) further improves the representation. The 
poles and zero representation permits calculation of the 
resonant frequencies, a simple graphical determination 
of resonance curves and a calculation of the loaded and 
unloaded Q values. 

With respect to the nonreciprocity, two particular 
cases have been treated separately. One is characterized 
by a difference of wave velocity in both directions, the 
other by excessive attenuation in one direction. Both 
can be superimposed to show the influence of non- 
reciprocity in the general case. 

The results obtained for a difference of the wave 
velocity show clearly the influence of the nonreciprocity 
on the resonance frequencies (Fig. 3) for the different 
coupling conditions described by q=k,/k,. Presence of 
an additional discontinuity in the ring guide in the case 
of directional coupling (¢=0) adds one more interesting 
operational condition. The additional discontinuity may 
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result from a second coupling element by which energy 
is coupled out from the ring guide. 

The case of an additional discontinuity is of particular 
interest when it is desired to determine the properties of 
ferrite materials in a directionally coupled ring guide. 
It is assumed that for directional coupling only waves 
in one direction progress in the ring guide. However, 
since the ferrite material probe represents a discontt- 
nuity, reflected waves occur in the opposite direction. 
These reflected waves contribute to a variation of the 
resonant frequency. This variation must be taken into 
account if the material properties are to be determined 
from the shift of the resonance frequency by perturba- 
tion methods. 

The influence of the additional discontinuity can be 
visualized clearly in the poles and zero presentation. 
The discontinuity results in a split of a coinciding pole 
and zero which changes the zero-peak resonance curve 
into a double-peaked curve. The split of the pole and 
the zero must be taken into account in the determina- 
tion of the Q value. The discontinuity can be avoided if 
two thin cylindrical ferrite material probes are inserted 
d,/4 apart, if the probe has the form of a rectangular 
disk of a length \,/2 or, if the probe extends over the 
total circumference. 

The nonreciprocal ring circuit has interesting proper- 
ties which differ from those of other circuits. Besides the 
application for determination of the ferrite material 
properties, especially for high field strengths, one can 
anticipate applications in other fields of microwaves. 


APPENDIX | 


COUPLING RELATIONS 


Two waveguides are coupled together by a nondirec- 
tional coupling element in the cross-sectional plane AA’. 
In Fig. 5(a), a capacity C is shown as the coupling ele- 
ment. Derivation of the junction data yields 


iAp 
— (Lay 

1+iAp 
SAD 


po = (35) 


(36) 


and 
iAp 


ky = = ——___,; 
1+ 2iAp 


k, =k 


where 
Ap = wCZ)/2. 


If high order terms are neglected, approximate expres- 
sions are obtained; 


peo Oasis 
re 1— 2] bal? — i] bal. 


(37) 
(38) 


Eqs. (37) and (38) also are valid for inductive coupling 
where k, = —hy. 
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(a) (b) 


Fig. 5—Capacitive coupling. (Nondirectional and 
semidirectional coupling.) 


The corresponding equivalent circuit for directional 
and semidirectional coupling is shown in Fig. 5(b). 
Coupling is performed by two capacitances \,/4 apart. 
Consequently, 


1A 
Api = wl 1Zo/2, pie eee 
1 + 2iApi 
1A 
Ape = wC2Zo/2, (y= = ioe aes : 
il — 21Ap2 


If all junction data are reduced with respect to the cross 
sectional plane AA’, the following equations are ob- 
tained: 

Pi — p2 — 2pip2 


[po]aat Se 
1 + pipe 
1+ pit p2+ pipe 
[r]s41 = ) 
1 + pipe 

kn + ky = — 2p, 
Rp a k, a 2p2, 
q == k,/ Rn. 


The dropping of higher order terms and the disregarding 
of reflections between the coupling capacitances yields 

po ~ — ig| kal ~ — ky (39) 
and 


r= 1— | kal2%(1+ gq?) —i| bal. (40) 


APPENDIX II 
POLES AND ZEROS OF THE RING WAVES 


The properties of the ring circuit can be described by 
the waves hu, hs progressing in the ring guide in both 
directions. These waves are characterized in the case of 
the reciprocal ring guide by 


hs => rse?, 
he = r3€7%, 
@ = (a + ig)L, 


where L is the circumference and a and B are the at- 
tenuation-and phase constants, respectively, of the ring 
guide. Combination with the system of equations cor- 
responding to the matrix (2) gives 
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Ra(l — re~*) + kepoe* 
\lee=aner®) a. spy 60-4 . 
Rak aa Te?) + Rnpoe ? 


(a — Te ?)? = pore 2¢ 


he = hye 


he = hye-¢ 


Transformation and introduction of g=k,/k, yields 


ae (tT — qpo) 


hs = hyk), = 
[eG pa) le — po) | 
@ — pb3 
= |ykp 3 = (41) 
(e® — ef) (e# — ¢?) 
and 
ae he po a) 
[e* — (7 + po) |[e* — (+ — po) 
e? —— evs 
= hikng (42) 


(e@ — e%1)(e* — ef2) 


Eqs. (41) and (42) describe the waves hy, and hz by poles 
(e*1, e#) and zeros (e%, e*) which correspond to the 
“resonances” and “antiresonances” in the language of 
network theory. 

The representation by poles and zeros is advantageous 
because it aids the analysis of the frequency dependence 
of the wave functions. It permits simple graphical de- 
termination of | ha| and | hs| as a function of frequency. 

The locus of e* as a function of frequency is a circle 
with the radius e*” where e~#” expresses the attenuation 
of the waves along the circumference of the ring guide. 
The attenuation is assumed to be constant in a small 
frequency range near resonance. The poles and zeros 
e’n are complex quantities which also are approxi- 
mately constant near resonance. Fig. 6 shows these 
magnitudes in the complex plane. The point T which 
corresponds to e? =er2ei2n)o® travels with increasing 
frequency along the circle in the direction of the arrow. 
With P,, P»2 for the poles and Z for the zero, the abso- 
lute value | i. is proportional to TZ divided by the 
product of TP: X TP». Plotting |zs| as a function of fre- 
quency yields the resonance curve. When T passes near 
a pole the resonance curve has a peak. Near a zero the 
resonance curve has a minimum. 

Eqs. (41) and (42) show that the locations of the poles 
and zeros are dependent on py, 7; and q. Introduction of 
the approximate values derived in Appendix I yields 


1— |mltat+@) —il el at), 
=1— | kal? + 9?) —i| ee 1 — 9), 
a=1—-[epat@)—ilala-@ 


e? = 


Dd 
o 
i) 
| 


and 
Gees | ka |2(1 + q’). 


If the poles and zeros are plotted in the complex plane 
as a function of g, the curves of Fig. 7(b) are obtained. 
The coupling is defined by g, where directional, semi- 
directional, and nondirectional coupling are signified by 
g=0,0<q¢<1, and g=1, respectively. For three values, 
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Fig. 7—Loci of poles and zeros for varying coupling and 
corresponding resonance curves. 


g=0, 0.5, 1, the resonance curves are shown in Fig. ia 

For g=0 (1), the two poles and the zero coincide. 
Consequently, a single-peak resonance curve is obtained. 
The same result is obtained for nondirectional coupling 
(g=1), (ill). For values 0<¢<1 the poles and the 
zeros have different locations (II) and a double peak 1s 
obtained as shown in Fig. 7(a). 

The poles and zeros representation permits a simple 
approximate calculation of the Q value. The Q value 
may be derived for a circuit with a single-peak reso- 
nance curve from the half-power bandwith. The half- 
power bandwith corresponds to travel on the e® circle 
over an arc which equals twice the distance of the pole 
eo from the circle. 

Use of this concept yields 


Peer 
oe el + 1 — 0) \Xo 


for the loaded Q value, and 


for the unloaded value where the coupling approaches 
zero (| k,| 0). 
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Exact Solution for a Gyromagnetic Sample 
and Measurements on a Ferrite* 
H. E. BUSSEY} ann L. A. STEINERTYT 


Summary—An outline of an exact solution for a gyromagnetic 
rod centered in a right circular cylindrical cavity resonator is given. 
This solution is applied in evaluating dielectric and tensor-magnetic 
measurements on a well-known ferrite. Complex frequencies and 
constitutive parameters are introduced and the solution is expanded 
in series to obtain a convenient calculational scheme. Comparisons 
are made of exact and perturbation calculations of results from a 
small and a large sample. The effect of insufficient symmetry of the 
cavity is discussed and the condition for sufficient symmetry is 
given. The g value of electrons was 2.02. 


I. INTRODUCTION 
\ METHOD for the measurement of tensor per- 


meability, based on an exact mathematical solu- 

tion rather than the perturbation solution for a 
circular cylindrical resonator with a sample, is given. 
Results obtained using the two-dimensional TMamo 
modes of a circular cylindrical resonator are shown. In 
this case the sample can protrude through holes in the 
cavity walls, thus permitting very uniform magnetiza- 
tion of the ferrite samples. 

An advantage of this exact method is the convenience 
of measuring the comparatively large frequency and Q 
changes produced by the samples. Samples were used 
having diameters of 0.025 and 0.075 inch for measure- 
ments at 9200 mc. 

It is pertinent to mention that the exact calculations 
yield directly the constitutive electrical parameters of 
the sample; z.e., the dielectric constant and the permea- 
bility. On the other hand, perturbation calculations yield 
directly a “demagnetized susceptibility,” (u—po) F(u), 
where F(u) is a demagnetizing factor and p is obtained 
with an additional step. The demagnetized suscepti- 
bility and the permeability should not be confused. 


II. SOLUTION FOR GYROMAGNETIC SAMPLE 


An exaci solution for a circular cylindrical cavity 
resonator containing as a sample a centered rod of gyro- 
magnetic material has been given previously.! A brief 
outline is included here, along with several details previ- 
ously omitted. 

The properties of the gyromagnetic material are de- 
scribed first. With the rf magnetic field h and the in- 
duction 6 in right circular cylindrical coordinates, the 
material is a substance with constitutive parameters 
which may be expressed as 


se aay ocd by the PGMTT, July 8, 1957; revised 
manuscript received, September 23, 1957. S ted by O 5 
BuShips/1700R-564. a ae pecaseee 
+ National Bureau of Standards, Boulder Labs., Boulder, Colo. 
 H. E. Bussey and L. A. Steinert, “Exact solution for a cylindri- 


cal cavity containing a gyromagnetic material,” Proc. IRE, vol 
pp. 693-694; May, 1957. , vol. 45, 


b, p ta 0 h, 
bg J} =| —tax p 0 hg }. (1) 
b, 0 0 Mz hz 


The dielectric constant € is assumed to be a scalar. The 
signs of the off-diagonal terms specify that the time de- 
pendence is exp (—zwt). The antisymmetric matrix (y) 
in (1) is identical with the matrix which represents the 
tensor permeability in the usual Cartesian coordinates. 
This may be shown by applying rotation operators to 
the matrix equation 6=()h in Cartesian space and ob- 
taining (1) as a result. The matrix (uw) has an inverse 
which is written as 


M ik 0 
(uy t1={-iK M 0 ). (2) 
0 0 M, 


It is introduced because its elements occur most natu- 
rally in the wave solutions to be obtained. 

To obtain a solution for the cavity with a gyromag- 
netic rod, the wave equation in the sample must be 
solved and the waves in it matched to those in the re- 
maining space of the cavity. 

The wave equation for a gyromagnetic medium is of 
the fourth order,? for a general three-dimensional wave, 
or of the second order* for two-dimensional waves; 7.e., 
for waves that are independent of one coordinate, here 
chosen to be the zg coordinate. The advantage of working 
with the two-dimensional waves lies in the simplicity of 
solution, and they are selected for the remaining work, 
with the foreknowledge that there exist two-dimen- 
sional modes of oscillation for cavity resonators. The 
two-dimensional wave equation that has solutions which 
may fit boundary conditions! in a closed resonator is 


(Vp wg) Ee) (3) 


where 


is the Laplacian in transverse (r, #) space; w is the angu- 
lar frequency. Eq. (3) is valid in free space after replac- 
ing M by My=1/uo and e€ by €o, where Mo and € 9 are the 
constitutive parameters of free space. 


* P. S. Epstein, “Theory of wave propagation in a gyromagnetic 
medium,” Rev. Mod. Phys., vol. 28, pp. 3-17; Janusey, 19s6 a 

*M. L. Kales, “Modes in waveguides containing ferrites,” J. 
Appl. Phys., vol. 24, pp. 604-608; May, 1953. 
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The solutions of (3) are of the form 


E, = (Ae‘** + Be-**)[FJ,(6r) + GY,(6r)], (4) 


where B=w(e/M)!/2, J, and Y, are Bessel functions of 
the first and second kinds, respectively, of inetgral order 
n, and A, B, F, and G are coefficients to be determined 
by the boundary conditions. The solutions of (3) in free 
space are the same as in (4), provided that the cylinder 
functions have the argument kr where k =w(€o/M»)!/2. 
[The time factor exp (—iwt) is understood with (4) and 
other field quantities below.| 

Now we consider the boundary value problem of 
fitting the waves (4) into a right circular cylindrical 
resonator with a centered gyromagnetic rod (Bussey 
and Steinert,! Fig. 1). The rod has radius a and the 
cylindrical wall of the cavity is at r=6, b>a. Since the 
fields do not vary with gz, the height of the assembly is 
arbitrary. 

It is known that in this problem the e+*** and e~in¢ 
solutions have, in general, different resonant frequen- 
cies, thus either frequency can be selected for excitation. 
A choice of signs indicates this selection. The physical or 
boundary conditions at r=0 and r=) are satisfied with 
(4) expressed as: 


Ez 
Ez 


| 


ee Gr); 
Be ,( kr); 


(BE (5) 


(6) 
where C,,(kr) =J2(kr) — Yn(Rr) [Jn(Rb)/ Vn(kd) | is always 


zero at r=). 

The magnetic fields are obtained from (5) and (6) by 
applying Maxwell’s curl equation, (u)~! curl E=iwH. 
A convenient matrix form for this equation is 


fp ee (hp 


M ik 0 0 =D re Dw VE 
—ik M 0 (OP 0 — D, E, 
Omen OF Ml, eee ae le AW) ap 
h, 
= toh hg |, (7) 
hz 


where the D’s are derivative operators. 

It remains to make E, and hg continuous across the 
boundary at r=a. This fixes the ratio of the amplitudes 
D/E and the value of w and gives the equation of reso- 
nance for the system as: 


MBaJ,' (8a) 
J,(Ba) 


where the primes indicate derivatives with respect to the 
arguments. Eq. (8) represents two resonances for n>0. 
The upper sign (+7K) is used with the Larmor‘ rotating 
pattern and the lower sign with the anti-Larmor case. 
When n=0, we have a nondegenerate TM omo mode and 


M okaC,’ (ka) 


Cn (ka) 


4 Larmor refers to the case where the rf magnetic field pattern 
rotates in the same sense as the precessing magnetization, and anti- 
Larmor refers to the opposite sense of rotation. 
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in this mode a small ferrite rod furnishes mostly a di- 
electric effect on the resonator. In order to evaluate the 
three unknowns, e, M, and K, three measurements on a 
ferrite in three different cavity modes are required. It is 
convenient to make one measurement in a TMomo 
resonator and two in a TMyo resonator (Larmor and 


anti-Larmor). A fourth experiment in a TEoy cavity can 
furnish M, exactly. 


III. Losses AND COMPLEX ARGUMENTS 


It is apparent that the above equation of resonance 
(8) does not directly indicate what happens when the 
frequency of the excitation is not at the resonant fre- 
quency. In our experiments, however, excitation away 
from resonance was carried out to find the Q which indi- 
cates the losses; 7.e., Q was measured by noting the 
change in the transmitted power as the frequency de- 
parted from resonance. Alternatively, the Q of a resona- 
tor may also be measured in the time domain by viewing 
the exponential decay of the energy, and this, of course, 
is a resonant oscillation with what appears to be acom- 
plex frequency,®> w*=w’—iw’’. In this case, the impor- 
tant feature is that the frequency does not depart from 
resonance and the equation of resonance is satisfied dur- 
ing the Q measurement. 

We will assume that the Q obtained from the varia- 
tion of transmission with frequency (as it actually was 
measured) is the same Q obtained from a transient 
measurement; that the resonant frequency was complex 
with w* =w’—iw’/2Qr, where Q- is the contributed Q of 
the ferrite sample to the resonator, found from 1/Qr 
=1/0,—1/Q.’, where Q, is the resonator Q with the 
lossy sample, and Q,’ is the Q with the same sample as- 
sumed to be lossless. For the present work we will em- 
ploy the additional widely used assumption that, for a 
small sample, Q.’=Q., the Q of the empty resonator. 
(Exact expressions for Q,’ of the resonator with a lossless 
gyromagnetic sample have been developed, but they are 
rather cumbersome and were not used in the present 
work.) 


1V. CALCULATION OF RESULTS 


Eq. (8) may be expressed using relative dielectric and 
magnetic constants e*=e/€p, M*=yoM, and K*=pok, 
where the asterisks also specifically indicate that these 
quantities are taken to be complex. In addition, we will 
expand the functions on the left side of (8) in series as- 
suming that a, the sample radius, is small so that to a 
good approximation, for n=1, 


M* + K* = T.(k*a) + &(k*a)2/4 + &?(R*a)*/96M*, (9) 


5 This may be seen as follows. Consider an electromagnetic field 
with the time dependence e~#@*# = e~#(@/~#0”’) t = e~/"te#0". "There is ex- 
ponential decay for w’’>0. Now consider the general definition of 
Q='W/(—dW/dt), the stored energy W is divided by the power 
dissipation per radian. This may be rearranged into the logarithmic 
differential equation dW/W = —w'dt/Q. The solution is W(th=Wt 
=0)e’/@, The field strength, obtained from the square root of the 
energy, then decays as e~®’*/?@. Comparing the two exponential de- 
cays, we have a possible physical representation by using the com- 
plex o* = w’—iw’ 
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where T is the right-hand side of (8) multiplied by po. 
In (9) we specifically indicate that k* =w*(uo€o)!/? is 
complex. M* is first estimated without the last term on 
the right, then is used in the last term to improve the 
estimation. A term in (ka)® can easily be carried in the 
series. 

The benefits of the above expansion especially are ap- 
parent during practical calculations, because from (9) 
we then obtain simple pairs of algebraic equations in- 
stead of the difficult four simultaneous transcendental 
equations that would arise if (8) were solved directly. 

Assuming (temporarily) that e* is known directly 
from a TMomo experiment, then it is only necessary to 
evaluate the TMi data using (9) separated into its real 
and imaginary parts with M*=M’+iM"’, e*=e'+1e"’, 
etc., for exp (—zwt) time dependence, 


M+ K’ = Ty! + a®[e(w? — 0”) $+ 2€"w'w!’|4/4e? (10) 
MU 4K" = To" + a®[e"(w!? — 0!) — 2€o'o"/4c?, (11) 


where now we have exhibited only the first term of the 
expansion; ¢ is the velocity of light. The + sign choice 
indicates, as before, that Larmor and anti-Larmor fre- 
quencies enter separately and that each equation repre- 
sents two equations. 7 separates into real and imaginary 
parts as indicated because of the complex frequency in 
k. The assumption that e* was known was introduced 
here for a convenient discussion. In practice, one may 
iterate the above calculations and use the first estimates 
of e, M, and K to obtain improved self-consistent re- 
sults. After calculating the values from (10) and (11), 
we find p* and a* [the relative constants of the tensor 
(1) ] from 


u® + o* = (M* + K*)-!, (12) 


V. EQUIPMENT 


A photograph (Fig. 1) shows the microwave source, a 
Pound stabilized unit, and the magnet. Galvanometers 
were used as power indicators. An accurate wavemeter 
was used to measure frequency changes, including Q 
widths. It has an accurate micrometer movement which 
seems to repeat its settings to 10-5 inches. A table of 
frequencies for each 10-inch change in setting was 
constructed (using an automatic computer) which made 
the wave meter convenient to use. Its 0; (loaded Q) was 
16,000 and its transmission was — 11 db. Invar was used 
to give some temperature compensation, although tem- 
perature effects are not a major problem when, as here, 
frequency differences are the main interest. 


VI. DIELECTRIC MEASUREMENT 


Measurements were made of the dielectric and mag- 
netic constants of the ferrite R-1 of General Ceramics. 
The samples were ground with a diamond wheel from 
pressed bars (1955 manufacture, dimensions 0.40.9 
X6 inches) that were cut up. 

The TM. resonator for dielectric measurements had 
an empty frequency f, of 9860 mc anda Q, of 8000. The 
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Fig. 1—The experimental assembly. 


R-1 sample was 0.075 inch in diameter and 2 inches 
long. The sample shifted the frequency to 9090 mc 
which leads to an e’ of about 17 by perturbation theory 
and 11.4 when evaluated by formula (8) with »=0 and 
pw’ =0.76, the unmagnetized value. The value obtained 
for e’’ was 0.013. In this present work, it is assumed that 
€ is independent of the applied dc magnetic field. This, 
of course, needs to be checked and with the advent of 
exact calculations a check may be feasible. A con- 
venient expansion of (8) for »=0 is e*(k*a)?=2T 
/(1—e*(k*a)?/8M*). For unmagnetized material M*-! 
is replaced by y*. 

Since the perturbation method® using a rectangular 
waveguide cavity is widely used for dielectric measure- 
ments of ferrites, we will indicate the results from this 
method. With 0.080-inch holes in each face for inserting 
the sample, the value of e’ is about 12.5. If the holes are 
eliminated and the sample enclosed, a value near 13.5 is 
obtained. The holes weaken the electric field, thus 
compensating some of the error of perturbation theory.’ 


VII. MAGNETIC MEASUREMENT 


In this section, tensor permeability measurements on 
a small (0.025-inch diameter) and a large (0.075-inch 
diameter) sample rod are compared. In addition, per- 
turbation and exact theory methods of calculating the 
results are compared. Two different resonators were 
used for the two sizes of rods. Both resonators had four 
irises as shown in Fig. 2, but differed in that, for the 
large sample, excitation of the resonator was through 
only one iris, whereas the resonator shown in Fig. 2 and 
used for the small sample was excited through two adja- 
cent irises by waves of equal magnitude (within 2 per 


6° G. Birnbaum and J. Franeau, “Measurements of dielectric con- 
stant and loss of solids and liquids by a cavity perturbation method,” 
dhs Appl. Phys., vol. 20, pp. 817-818; August, 1949, j 

7 An investigation of these matters has been completed and a re- 
port will be written. Corrections for the perturbation approximation 
and hole error were developed. 
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Fig. 2—Cross section of TMi resonator with 4 irises and guides 
permitting excitation of a rotating field pattern. 


cent) and 90° out of phase. This allowed either Larmor 
or anti-Larmor excitation to be impressed, as was nec- 
essary because with a small sample the two modes 
“overlapped.” With the 0.075-inch sample, the two 
modes were separated sufficiently so that results were 
obtained with a single input iris. The four irises in this 
case were used to maintain symmetry. 

Both cavities had a length (along the z axis) of 0.9 
inch. The small sample was 1.25 inch long and the large 
sample was 2.0 inch long. This allowed the sample ends 
to protrude outside the resonator, thus the dc mag- 
netization of the measured part was essentially uni- 
form,® except near zero dc field. 

The results for the small rod are shown in Fig. 3 and 
Fig. 4 as evaluated both by the exact solution and by 
perturbation theory. The results for the large rod are 
shown in Fig. 5 and Fig. 6. The curves in Fig. 3 and the 
Larmor curve in Fig. 4 very closely fitted the experi- 
mental points, which were omitted for clarity. The anti- 
Larmor loss data were rather erratic and these points are 
shown in Fig. 4. [Note added in proof: The anti-Larmor 
loss curve (Fig. 4) is incorrect. The curve probably 
starts at about 0.0015 unmagnetized and comes down 
to 0.0002 at 1000 oersteds, remaining at about this value 
to 8000 oersteds.] 

The indications of the rotating-coil Gauss meter were 
found to be 2.2 per cent too high and, therefore, the 
abscissa Hae needs to be lowered everywhere by 2.2 per 
cent. 

Comparing the “exactly” calculated small and large 
rod data, it is seen that the excursions of the curve at 
resonance are all slightly greater for the large sample. 


8 R. C. LeCraw and E. G. Spencer, “Tensor permeabilities of fer- 
rites below magnetic saturation,” 1956 IRE CONVENTION RECORD, 


pt. 5, pp. 66-74. 
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The perturbation approximation introduces relatively 
little error for the small rod, but considerable error for 
the large rod. It also artificially displaces the resonance. 

From the frequencies of gyromagnetic resonance, 
9216 mc and 9114 me, for the small and large rods, re- 
spectively, and with Hy. corrected as above, it was 
found that the g factor of the electrons was 2.013 for 
the small rod and 2.023 for the large rod, found from 
f=geHa-./4a mc. 

The above measurements may be compared with 
published® perturbation results on the same ferrite. The 
results for the real parts, u’/+a’, differ in detail, es- 
pecially at low values of Ha. The peak absorptions agree 
to within the inconsistency of the small and large rod 
data. The g factor obtained from the perturbation rod 
data® would be approximately 1.9; our perturbation re- 
sults also tend to give g’s that are too low. 

The missing data in Fig. 3-Fig. 6 were missed due to 
a resonant absorption and resulting weak signal. It will 
be observed that the loss factor, u’’+ea’’ is not particu- 
larly great in the missed region. There are, however, 
geometrical effects that create a resonant absorption 
there. These effects may be seen by examining the be- 
havior of the perturbation quantity, (u—po)F(u), (see 
Introduction) where F(u) allows for demagnetization, 
or alternatively, by examining Kittel’s resonance for- 
mula!® that allows for demagnetization. It may be 
shown that these two viewpoints are in agreement. 


VIII. SYMMETRY OF THE RESONATOR 


Symmetry in the mechanical structure of the resona- 
tor is important in tensor permeability measurements. 
The mathematical solution in Section II assumed that 
the resonator was perfectly circular. To avoid gross 
errors, due to initial splitting of the degeneracy by 
geometrical perturbations, it is sufficient that the sym- 
metry group of the perturbed TMi resonator be C; or 
higher. This means that with irises, loops, or probes 
around the periphery of the cylinder, there must be three 
or more identical irises, etc., spaced at equal angles. A 
circular iris on the axis would be desirable, as it leaves 
the symmetry C.,, but is not always practicable. 

The deleterious effect of insufficient symmetry was 
observed with a 9200-mc TMi resonator in which the 
sine and cosine modes were already split by 5 mc with 
no sample inserted. Results for the small rod were in 
general wrong, except that the unmagnetized scalar 
value was correct and the gyromagnetic resonance was 
fairly well indicated. However, all of the results for the 
large rod were very nearly correct. 

The resonator with four irises shown in Fig. 2 was 
annealed and carefully machined and, when empty, the 
independent sine and cosine modes differed in frequency 
by only a few hundredths of a megacycle. Furthermore, 

9 E. G. Spencer, L. A. Ault, and R. C. LeCraw, “Intrinsic tensor 
permeabilities on ferrite rods, spheres, and disks,” Proc. IRE, vol. 
44, pp. 1311-1317; October, 1956. 


10 C. Kittel, “On the theory of ferromagnetic resonance absorp- 
tion,” Phys. Rev., vol. 73, pp. 155-161; January 15, 1948. 
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diameter sample. 


the loaded Q values (about 8000) differed by less than 
three per cent. 
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Resonance Measurements on Nickel-Cobalt Ferrites as a 
Function of Temperature and on Nickel 
Ferrite-Aluminates* 

J. E. PIPPIN} anv C. L. HOGANt 


Summary—The variation of line width (AH) and effective g 
factor (gers) with cobalt content and with temperature is studied in a 
series of ferrites of composition Nij_.CogMno o2Fe;..0.,. Here a lies 
between 0 and 0.09; temperatures range from 20°C to 340°C. A min- 
imum in AH is observed at ~a=0.027; gre decreases with increasing 
a. The temperature dependence of each is qualitatively that which 
would be expected on the basis of the temperature dependence of 
the anisotropy of the mixed ferrite. Above room temperature AH 
and ges; increase or decrease, depending on the cobalt content. It is 
also shown that the shape of the resonance line is determined by the 
sign of the anisotropy constant. For negative K;, the line is steeper on 
the low-field side of resonance—for positive K, it is steeper on the 
high-field side. 

Resonance data are presented on several nickel-cobalt ferrite- 
aluminates, of composition Ni;_.CogMno o:Fe:,Al;O.+, with a vary- 
ing from 0 to 0.025 for f=0.3, 0.4, 0.5, and 0.6. The reduction of AH 
and ges; expected from anisotropy considerations is observed. 


INTRODUCTION 


ICKEL ferrite has a negative first-order anisot- 
N ropy constant K, whose magnitude decreases 

with temperature above room temperature. Co- 
balt ferrite has a positive anisotropy constant of much 
greater magnitude, and it also decreases with tempera- 
ture above room temperature. It might be expected, and 
it is indeed true, that a solid solution of the proper 
(small) amount of cobalt ferrite in nickel ferrite would 
reduce the anisotropy of the mixed ferrite. By varying 
a in the formula Ni;_.Co,Fe2O., ferrites with varying 
K, can be made; K,; can be caused to vary from the 
negative value for nickel ferrite through zero to high- 
positive values. This has been demonstrated by Sirvetz 
and Saunders! in polycrystalline nickel-cobalt ferrite.’ 
More direct measurements on single crystals’ have sub- 
stantiated this statement. The work of Sirvetz and 
Saunders suggests that the anisotropy constant of the 
mixed ferrite is equal to the weighted algebraic sum of 


* Manuscript received by the PGMTT, July 22, 1957. This paper 
was presented in part at the Annual PGMTT Meeting, New York, 
N. Y., May 9-10, 1957. The research reported in this paper was 
supported by the Air Force under Contract AF 19(604)-1084 with 
Air Force Cambridge Research Center. : 

+ Gordon McKay Lab., Harvard Univ., Cambridge, Mass. 

1M. H. Sirvetz and J. H. Saunders, “Resonance widths in poly- 
crystalline nickel-cobalt ferrites,” Phys. Rev., vol. 102, pp. 366-367; 
April 15, 1956. 1). 

2 L. R. Bickford, Jr., J. Pappis, and J. L. Stull, “Magnetostriction 
and permeability of magnetite and cobalt-substituted magnetite,’ 
Phys. Rev., vol. 99, pp. 1210-1214, August 15, 1955. ; 

C. M. Van der Burgt, “Controlled Crystal Anistropy and Various 
Mixed Ferrites,” presented at Conference on Magnetism and Mag- 
netic Materials, Boston, Mass.; October 16-18, 1956. : 

3 P. E. Tannenwald and M. H. Seavey, “Anisotropy otf cobalt- 
substituted Mn ferrite single crystals,” Proc. IRE, vol. 44, pp. 1343— 


1344; October, 1956. 


the values for the individual ferrites. This would be ex- 
pected theoretically, also, if it is assumed that the anisot- 
ropy is a property of the individual ions arising from 
crystalline field effects from the surrounding lattice. In 
such a case it would be true only for small cobalt addi- 
tions for which the exchange (z.e., Curie temperature) 
does not change significantly. The temperature varia- 
tion of K, for the mixed ferrite would then be determined 
by the variation of the difference of the K, curves for 
the constituent ferrites. In Fig. 1 | K,| vs temperature 
for nickel ferrite is shown (Healy’s values’). To deter- 
mine the K, for Niji_.CogFe.Ou, K; for cobalt ferrite® 
is multiplied by a and plotted, as for the case a=0.02 
shown in Fig. 1. The net K, is then the difference of the 
two curves (shaded area, for example), and is positive 
when the cobalt Ki predominates and negative when the 
nickel | Ki is larger. (Actually, the nickel ferrite values 
should be multiplied by 1—a, but this is unimportant 
here). Where the two curves intersect the net K; is zero. 
This intersection moves to higher temperatures as the 
cobalt content is increased. 

Our resonance measurements from room tempera- 
ture to 340°C on several of these mixed polycrystalline 
ferrites are reported here. The variation of Ky is re- 
flected in the effective g factor, line shape, and line 
width. The smaller K,, the narrower the line in reason- 
ably high-density materials; for this reason cobalt- 
doped nickel ferrite, with small Ky, has been used re- 
cently in devices where a sharper resonance line was 
desired. It is well to emphasize that all the ferrites 
under discussion are high-density, low-loss ferrites (ex- 
cept where noted), suitable for microwave applications. 


4W. P. Wolf, “Origin and temperature dependence of magnetic 
anisotropy in nonconducting ferromagnetics,” Bull. Amer. Phys. Soc., 
ser. II, vol. 2, p. 117; March 21, 1957. . 

5 D. W. Healy, Jr., “Ferromagnetic resonance in nickel ferrite as 
a function of temperature,” Phys. Rev., vol. 86, pp. 1009-1013; June 
15), IOS. 

6 The cobalt values are from H. Shenker, “The Magnetic Anisot- 
ropy of Cobalt Ferrite and_Nickel Ferrite,” U. S. Naval Ordnance 
Lab., Navord Rep. 3858; February 8, 1955. Shenker’s values were 
obtained on a crystal of composition Cox,01F 2,003.9. The room 
temperature value is two times larger than that obtained elsewhere 
(Bozorth, Tilden, and Williams, “Anisotropy and magnetostriction 
of some ferrites,” Phys. Rev., vol. 99, pp. 1788-1798; September iS), 
1955) on crystals of slightly different compositions. A simple sum 
of anisotropies would indicate a minimum anisotropy at room tem- 
perature for a=0.015, using Shenker’s values, whereas our experi- 
ments show a minimum for a=0.027, as reflected in the line width; 
this gives a factor of 2 also. Furthermore, Ai for cobalt ferrite is 
affected strongly by heat treatment. In any event, the quantitative 
details of Fig. 1 should not be taken too seriously—the qualitative 
aspects are of interest here. 


78 


IK,| FOR NICKEL FERRITE 


1K, |- ERGS / em? 


K, x 02 FOR 
COBALT FERRITE 


! 1 1 ! 1 qe 
fo) 50 100 150 200 250 300 350 400 
TEMPERATURE - °C 


Fig. 1—First order anisotropy constant |K,| as a function of tem- 
perature for nickel ferrite (after Healy), and 0.02 K, for cobalt 
ferrite (after Shenker). 


Many of the effects would not be observable were it not 
for the high density, and the variations with tempera- 
ture would be different in very porous samples. 


MATERIALS 


All the ferrites studied were prepared in our labora- 
tory, using ceramic techniques which have been de- 
scribed in detail elsewhere.” With the exception of the 
ferrite-aluminates, all samples were iron-deficient and 
were of starting composition Ni:«CoeMno o2Fer.9O.+, 
with @ varying from zero to 0.09. The ferrite-aluminates 
had the starting formula Ni;2CoaMno.o2Fe2,AlOay. 
Density, magnetic moment, and dielectric loss tangent 
at 20 mc were measured on all samples as a kind of qual- 
ity-control. Densities of the nickel-cobalt ferrites varied 
between 95 per cent and 96 per cent of the theoretical 
maximum value for stoichiometric nickel ferrite, which 
is 5.38 gm/cm'; dielectric loss tangents were 0.001 to 
0.003. The magnetic moments of samples in this series 
increased slightly with the small additions of cobalt in 
the expected way, starting from about 3230 Gauss for 
the nickel ferrite, corrected to X-ray density. The densi- 
ties of the ferrite-aluminates were high; they will be 
given later. 


EXPERIMENTAL PROCEDURE 


The resonance measurements were made at X band 
on ferrite spheres, using a reflection-type apparatus 
similar to that described by Artman and Tannenwald3 
and by Spencer, LeCraw, and Reggia.? The small 
spheres (0.015 inch to 0.040 inch) were mounted about 
1; diameters off the center of the end wall of a rec- 


_ | J. E. Pippin and C. L. Hogan, “The Preparation of P S 
line Ferrites,” Harvard Univ. Gordon McKay Lab., ne 
Mass., Sci. Rep. No. 8, Contract AF 19(604)-1084; July, 1957. 
_ J. O. Artman and P. E. Tannenwald, “Measurement of sucep- 
ee tensor in ferrites,” J. Appl. Phys., vol. 26, pp. 1124-1132; 
EG. Spencer, R. C. LeCraw, and F. Reggia, “Measurement of 
microwave dielectric constants and tensor permeabilities of ferrite 
spheres,” 1955 IRE ConvENTION RECORD, pt. 8, pp. 113-121. 
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tangular TE, mode cavity, which operated at 9208 mc 
at room temperature. Brass and copper cavities were 
used interchangeably at room temperature. For higher 
temperatures the copper cavity was used, and was 
flushed continuously with dry nitrogen gas to prevent 
corrosion. A small furnace surrounding the cavity gave 
temperatures up to 350°C. The temperatures were 
measured by means of an iron-constantan thermocouple 
attached to the cavity wall. 

Line widths are estimated to be accurate to 8 per 
cent. The magnetic field was measured with extreme 
accuracy by means of nuclear magnetic resonance, so 
errors in g factor are due primarily to uncertainty in 
adjusting the magnetic field for maximum absorption 
and to imperfect spheres. The possible error is about 
0.5 per cent in the nickel-cobalt series, and somewhat 
higher in some of the ferrite-aluminates. 


RESULTS AND DISCUSSION 
The Nickel-Cobali Ferrites 


That crystalline anisotropy broadens the resonance 
line of a polycrystalline ferrite has been known for some 
time; Sirvetz and Saunders! observed this broadening 
experimentally in the nickel-cobalt ferrites. Porosity 
also broadens the line?!® due to the presence of localized 
demagnetizing fields set up by the pores. These effects 
have been treated theoretically by Schlémann,!! who 
finds for the line broadening due to anisotropy and 
porosity, respectively, 


Is Retriene| Oa (1) 
M, 
and 
ee PCE = : (2) 


Here M, is the saturation moment, V is the total volume 
of the sample, and v is the volume of the pores alone. 

The effective g factor defined by the familiar equation 
for a sphere 


wo = yHo (3) 


(with Ho) being the applied resonance field and 
Y =g e/2 mc) varies with porosity and anisotropy. The 
true polycrystalline g factor should be calculated from?2 


wo = y(Ho + A), (4) 


where H; is an “internal field” which depends on anisot- 


*°S. Blum, J. Zneimer, and H. Zlotnick, “The effects of ceramic 
parameters on the microwave properties of a nickel ferrite,” J. Amer. 
ee ae vol. 4, p. 143; May, 1957. 

_ ‘LE. Schlémann, “The Microwave Susceptibility of Polycrystal- 
line Ferrites in Strong DC Fields and the Influence of Nouniy eat 
Inclusions of the Microwave Susceptibility,” presented at Conference 
re ee! and Magnetic Materials, Boston, Mass.; October, 

2 This equation was suggested by T. Okamura, Y. Torizuka, and 
Y. Kojima, “The g factor of ferrites,” Phys. Rev. vol. 8 425— 
1426; December 15, 1952. ibe ee as 
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ropy and porosity.*-§ Schlémann’s theoretical work 
gives for the internal field 


aa San 4nM, 1 
ai ¢ 2 V ' (5) 
—+1 
v 


the anisotropy and porosity contributions being given 
by the two terms, respectively. The effective g factor 
defined by (3) is the one of greatest engineering interest, 
and is the one reported here. Thus it will be expected to 
vary with cobalt content. 

One other effect should be mentioned before the data 
_ are presented. It is well known that most ferrites exhibit 
a resonance line that is steeper on the low-field side of 
resonance than on the high-field side. Several causes for 
this have been suggested. Spencer, Ault, and LeCraw" 
have attributed this to anisotropy. Artman” has shown 
that propagation effects (size effects) tend to make the 
line steeper on the low-field side. Schlémann’s!! theory 
predicts that the line will be steeper on the low-field side 
for ferrites with negative anisotropy (the usual case), 
and steeper on the high-field side for those with positive 
anisotropy.!® Furthermore, he shows that porosity ef- 
fects lead to a line steeper on the low-field side. The 
present series of ferrites with varying anisotropy can be 
used to check these ideas. 

It is seen that porosity influences these three parame- 
ters—line width, effective g factor, and line shape—in 
much the same way as anisotropy. Since the densities in 
our nickel-cobalt ferrites are about the same throughout, 
however, any change in these parameters with cobalt 
content can be presumed to be due to the change in 
anisotropy. 

Fig. 2 shows measured values of line width and effec- 
tive g factor as a function of cobalt content. AH de- 
creases to a minimum near a=0.027 and then increases 
with more cobalt addition, in the manner observed by 
Sirvetz and Saunders. The narrowest line width ob- 
tained was 175 oersteds. The scatter near the minimum 
is probably due to nonuniform distribution of cobalt 
throughout the ferrite, and therefore incomplete can- 
cellation of K;. It is assumed that K, starts at about 
—5 X10! ergs/cm* at a=0, becomes less negative and 
passes through zero at a=0.027, and then increases 
positively. The results are in fairly good agreement with 


13 Y, Kojima, “The g factor of ferromagnetic spinels,” Sct. Rep. 
Res. Inst., Tohoku University, vol. A-6, pp. 614-622; December, 1954. 

4 P. A. Miles, “Ferromagnetic resonance in ferrites,” Nature, vol. 
174, pp. 177-178; July 24, 1954. ; 

is T. R. McGuire, “The frequency dependence of g values in 
ferrites,” Proc. AIEE Conf. on Magnetism and Magnetic Material, 
pp. 43-46; 1955. . ae 

16 E, G. Spencer, L. A. Ault, and R. C. LeCraw, Intrinsic-tensor 
permeabilities on ferrite rods, spheres, and disks,” Diamond Ord- 
nance Fuze Labs. Rep. No. TR-343; April 20, 1956. ‘ 

17 J, O. Artman, “Effects of size on the microwave properties of 
ferrite rods, disks, and spheres,” J. A ppl. Phys., vol. 28, pp. 92-98; 

957. 

Jone : Micsese and N. Karayianis of Diamond Ordnance Fuze 
Labs. independently obtained a similar result, using a somewhat dif- 


ferent model; private communication. 
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Fig. 2—Line width and effective g factor as a function of « in 
Niy_eCogM no, o2Fe1.sO4t. 


(1) and (2). The line width at the minimum should be 
about 200 oersteds for 96 per cent density, according to 
(2); this is the case experimentally. Also (1) predicts 
that the anisotropy contribution to AZ for nickel ferrite 
is about 200 oersteds, so that the line width for a=0 
should be about 400 oersteds, adding in the effect of 
porosity. The observed value is 430. The exact amount 
by which anisotropy broadens a line is probably open to 
question, and may, in general, be a function of the 
density.?? 

Eqs. (3)—(5) predict a continuous decrease in effective 
g factor with cobalt content, in view of the uniform 
density of the samples. Eq. (3) gives 


So 
{1.4 


Let it be assumed that H;,,,=—AKi/M, rather than 
0.5(K;/M,), as indicated in (5). Then assuming density 
and M, do not change significantly for small a, and that 
K,(a) isa simple sum of the constituent Ky’s, (4) and (6) 
combine to give 


geri(e) = getr(a = 0) — 6.440 = 2.34— 6.440 (7) 


(6) 


Lees = 


for small a. Here we have used Ki = —5 X10‘ for nickel 
ferrite and Ki;= +2 X10 for cobalt ferrite (see Bozorth, 
et al.®). Fig. 2 shows the decrease in gesp with cobalt con- 
tent. The dip near minimum anisotropy is not explained 
—perhaps it is due to inhomogeneities also. Except for 
the dip, the curve is more nearly fitted for A =0.2 in 


19 See, e.g., S. Geschwind and A. M. Clogston, “Narrowing effect 
of dipole forces on inhomogeneously broadened lines,” Phys. Rev., 
vol. 108, pp. 49-53; October 1, 1957. 
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Fig. 3—Normalized resonance lines, illustrating dependence of asymmetry on the sign of Ki. For the line at left K, is negative; for 
that in the center K, is presumed zero; for the line at right, Kj, is positive. 
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(7), as suggested by Miles,“ rather than for Schlo- 
mann’s value of 0.5. 

Fig. 3 shows normalized resonance lines for three 
values of a, and illustrates the asymmetry dependence 
on the sign of the anisotropy constant. For the first 
curve a@ is zero and K, is negative; the line is steeper on 
the low-field side of resonance. The second curve, for 
a=0.027 and K, presumably zero, is almost symmetri- 
cal. The third curve, steeper on the high side, is for 
a=0.09 and K, positive. The very slight asymmetry in 
the center curve may be due to porosity or inhomo- 
geneity—sphere sizes were such that the size effect 
probably does not occur. In order to see how this asym- 
metry varies continuously with a, we may define an 
“asymmetry ratio” with reference to Fig. 3, first curve, 
as 


(8) 
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Fig. 5—Line width, effective g factor, and asymmetry ratio vs 
temperature for Nio.sCoo.o9Mno.o2Fe1.9O4+. 


The distances a and 8 are taken at a height which is 0.3 
of maximum on the curve, where the asymmetry is fairly 
pronounced. Negative anisotropy should give a value 
less than 0.5 for A.R., zero anisotropy should give 0.5, 
and positive anisotropy a value greater than 0.5. This 
asymmetry ratio is plotted in Fig. 4 vs a, with AH on the 
same graph for emphasis. A.R. is 0.4 for nickel ferrite, 
increases to 0.5 in the region where AH is a minimum 
corresponding to zero anisotropy, and increases above 
0.5 to the right of the AH minimum where K, is positive. 
It seems, then, that the line asymmetry in this case, 
where the anisotropy field is small compared to the 
resonance field and appreciably greater than the single- 
crystal line width, is caused primarily by anisotropy. 
Since K, changes with temperature, AH, ge;, and 
A.R. change with temperature. In Fig. 5 these quanti- 
ties are shown for a=0.09 for temperatures up to 
340°C. The variations can be explained, qualitatively at 
least, purely in terms of anisotropy. Near room tem- 
perature K, is positive and decreasing towards zero. 
From the data it would appear that K,=0 near 100°C; 
then it becomes negative with further increase in tem- 
perature and ultimately, of course, starts to drop to- 
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Fig. 6—Line width vs temperature for five nickel-cobalt ferrites. 
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Fig. 7—Effective g factor vs temperature for 
four nickel-cobalt ferrites. 


ward zero at still higher temperatures, as the Curie tem- 
perature is approached. The line width varies in this 
way, decreasing to a minimum, then increasing to a 
maximum, and decreasing at higher temperatures. The 
g factor increases as K; becomes less positive, reaches a 
plateau where AH is a minimum, and increases slightly 
as K, becomes negative. The asymmetry ratio behaves 
in the expected way, except that at higher temperatures 
it remains at 0.5. This is because the asymmetry ratio 
plotted in Fig. 5 was measured at the half-point of the 
line rather than at the 0.3 point, and here the asym- 
metry is not so sensitive to Ky. 

The temperature variation of AH for five of the nickel- 
cobalt ferrites is shown in Fig. 6; while Fig. 7 shows the 
g factor vs temperature for four of the materials. All 
these curves can be explained qualitatively by consider- 
ing anisotropy. 


The Nickel-Cobalt Ferrite-Aluminates 


In ferrites for microwave devices it would be desirable 
to be able to control the saturation moment, line 
width, and g factor independently. It was shown some- 
time ago”? that the magnetization of nickel ferrite can 
be reduced by the substitution of aluminum for part of 
the iron, with some decrease in the Curie temperature. 


20 L, R. Maxwell and S. J. Pickart, “Magnetization in nickel fer- 
- rite-aluminates and nickel ferrite-gallates,” Phys. Rev., vol. 92, pp. 
1120-1126; December 1, 1953. 
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aluminate of composition Ni Mno.o2Fe2_:AlOu4. Note that the 
point for t=0 was taken on composition Ni Mno.o2Fe1,9O4+. 


However, the line width and g factor increase rapidly 
when this is done,”! and for some applications (e.g., most 
low-frequency applications) this is undesirable. Fig. 8 
shows these parameters at room temperature as a func- 
tion of ¢ in Ni Mno.o2Fe2,Al,Ou,. (Note that the point 
for t=0 was taken on a ferrite of starting composition 
Ni Mno.o2Fei.9O4+ rather than Ni Mno.o2Fe.O44.) The 
trend is the same as that shown by McGuire, but the 
numbers are different, due probably to the higher densi- 
ties of our samples. 

The possibility of adding cobalt to nickel ferrite- 
aluminate to reduce the line width and, to some extent, 
the effective g factor immediately arises, and it should 
be possible to do this without changing the saturation 
moment appreciablv. The results for our samples of 
starting composition Ni;~CoaMno.o2Fe2:Al,Oxz are 
shown in Fig. 9 and Fig. 10, with a between 0 and 0.025 
and ¢ between 0 and 0.6. The expected decrease in line 
width is observed although the magnitude of the de- 
crease is not great for the higher aluminum contents. 
This could be a practical consequence of the ceramic 
techniques employed in making the materials; the satu- 
ration moment is lower for higher ¢, so that | Kil /M, is 
large. Then slight inhomogeneities in the K, of the mixed 
ferrite would be more serious than for higher magnetiza- 
tions. On the other hand, single-crystal measurements of 
line widths for nickel ferrite-aluminates are not available 
—it may be that the natural line width is larger for 
higher ¢. 

The peculiar behavior of the ¢=0.4 and t=0.5 curves 
is not explained. However, Schlémann”? has shown that 
these low magnetization ferrites may have shoulders on 
the resonance curve. In this event the line width is not 
very meaningful and the entire curve should be studied. 
Shoulders were observed on some of our samples, but 
complete lines were not plotted for all of them. 

The g factor decreases as expected when cobalt is 
added. Of course, even in the absence of anisotropy, the 


21T. R. McGuire, “Microwave resonance absorption in nickel 
ferrite-aluminate,” Phys. Rev., vol. 93, pp. 682-686; February 15, 
1954. 

2. Schlémann, “Shape of the ferromagnetic resonance line in 
polycrystalline ferrites,” Bull. Amer. Phys. Soc., ser. II, p. 238; 
April 25, 1957. 
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g factor would be expected teincrease with ¢, as the com- 
pensation point in the magnetization is approached. 
The saturation moment and other properties of 
nickel ferrite-aluminates are very sensitive to the firing 
cycle. The ferrite-aluminates for a=0 were prepared 
earlier and in a slightly different manner from those for 
a0. As a result their moments are somewhat different 
from those for corresponding ¢ with a0. The properties 
of the samples are presented for comparison in Table I. 
If the differences in magnetization are taken into ac- 
count, it is estimated that the intercepts (for a=0) of 
the ¢=0.6 and ¢=0.5 curves of Fig. 9 and Fig. 10 should 
occur at the small arrows along the vertical scales. 
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TABLE I 


PROPERTIES OF THE FERRITE-ALUMINATES GF COMPOSITION 
Nit_a«COaM no,o2F e2—-+Al,O.t. THE VALUES FOR a0 ARE 
AVERAGE VALUES. 


oe Per Cent of |Measured 47M, 
Composition X-Ray Density”? X-Ray Corrected to 

a Y Density | X-Ray Density 
0 0.3 5.27 gms/cm? 94.4% 1970 
#0 0.3 97.4 1980 
0 0.4 523 97.0 1490 
#0 0.4 97.0 1570 
0) 0.5 Salo Oe ya7/ 1040 
#0 0.5 96.6 1190 
0 0.6 S15 93.8 710 
#0 0.6 96.6 840 

CONCLUSION 


The performance of microwave ferrite devices with 
large average power variations or in fluctuating ambient 
temperatures depends strongly on the temperature de- 
pendence of the properties of the ferrite. Here, this de- 
pendence of g and AZ for several nickel-cobalt ferrites 
has been presented. It is perhaps worth while remarking 
that the resonance field for an isolator operating at high 
temperatures will be shifted not only because of the 
variation of M,, as reflected through the demagnetizing 
fields, but also because of a change in the g factor itself. 
For certain cobalt contents it is also true that g and AH 
show little temperature dependence. 

The reduction of AH and gers by addition of cobalt to 
nickel ferrite-aluminates has been demonstrated; an- 
other advantage that should result from this addition is 
a significant reduction of the maximum frequency at 
which low-field losses occur, in view of the reduction of 
| 2K,| /M,—which is comparable to 47M, in some of the 
ferrite-aluminates. These examples again point up the 
fact that it is possible to tailor ferrite materials for a 
particular application, sometimes within wide limits. 
Thus, by adding cobalt and aluminum to nickel ferrite, 
4a M,, Zetz, AH, and low-field losses can be varied; an 
additional control of AH, almost independent of the 
other parameters, can be realized by controlling firing 
temperature to obtain the desired density. The ferrite- 
aluminates above were fired at 1400°C in oxygen, and 
had relatively high dielectric losses. By using a de- 
ficiency of iron, adding some copper, and firing at 
1250°C in oxygen, excellent dielectric loss tangents can 
be obtained with 96 per cent density. 
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Ferrimagnetic Resonance in Some Polycrystalline 
Rare Earth Garnets* 


G. P. RODRIGUE}, J. E. PIPPIN}, W. P. WOLFT, anv C. L. HOGAN 


Summary—Ferrimagnetic resonance measurements have been 
carried out on a series of polycrystalline garnets of composition 
5Fe,0;:3M,0; with M=Y, Sm, Gd, Dy, Ho, Er, and Yb. These 
measurements were made over a temperature range from 20°C to the 
Curie points (approximately 280°C). The variations of line widths and 
effective g values over this temperature range are reported. Y, Yb, 
and Sm garnets have g values of approximately 2.0 at room tempera- 
ture while those of Dy, Ho, and Er are appreciably less than 2.0. 
High-density yttrium garnet has a line width of approximately 50 
oersteds at room temperature; line widths of other members of this 
series were found to vary from 400 to greater than 3000 oersteds. 
The effective g value and line width of the gadolinium garnet tend 
to very high values as its compensation point (17°C) is approached. 
The narrow line width of the yttrium garnet is found to depend 
strongly on the density of the sample. When the density decreases 
from 96 per cent to approximately 92 per cent of the theoretical value, 
the line width increases from 50 to about 150 oersteds. Several tech- 
nical applications in which these materials might be particularly ad- 
vantageous are discussed briefly. 


INTRODUCTION 
lees CLASS of ferrimagnetic oxides containing 


iron and rare earths and having the garnet crystal 

structure comprise a new series of compounds 
similar to ferrites but different in several important re- 
spects. They were discovered by Bertaut and Forrat! in 
the course of their work on ferrites containing rare 
earths, and they were also identified independently by 
Gilleo and Geller.2 These compounds first aroused in- 
terest because of their rather unusual saturation mag- 
netization vs temperature curves, which were first re- 
ported by Pauthenet? and are shown in Fig. 1. It will be 
seen that several of them have a “compensation point” 
at which the magnetization is zero, and that all of them 
have rather low absolute values of M, above room 
temperature. This latter fact, coupled with their mod- 
erately high Curie temperature of approximately 280°C, 
immediately suggests the importance of these com- 
pounds in low-frequency microwave applications. How- 
ever, for a material to be useful in this connection it is 
also necessary that it have a reasonably low resonance g 
value and, more important still, a narrow line width. 


* Manuscript received by the PGMTT, July 22, 1957. This work 
was carried out under Contract AF 19(604)-1084 with the AF Cam- 
bridge Res. Ctr., while one of the authors, G. P. Rodrigue, was a 
Union Carbide and Carbon Corp. Fellow in Applied Physics. | 

+ Div. of Eng. and Appl. Phys., Harvard University, Cambridge, 
Mass. 

1F, Bertaut and F. Forrat, “The structure of ferrimagnetic fer- 
rites of the rare earths,” Compt. Rend., vol. 242, pp. 382-384; Janu- 
ary, 1956. 

") S. Geller and M. A. Gilleo, “The crystal structure and ferrimag- 
netism of yttrium-iron garnet,” Acta Crystall., vol. 10, p. 239; 
March, 1957, and private communications to be published. ; 

3R. Pauthenet, “Magnetic properties of rare earth ferrites 
5Fe,0;:3M.0; with M=Tb, Dy, Ho, Er, Tm, Yb, Lu—experi- 
_ mental results,” Compt. Rend., vol. 243, pp. 1499-1502; November, 

1956 


477M (GAUSS) 
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Fig. i—Saturation magnetization vs temperature curves for 
5Fe.03:3M20; with M=Y, Yb, Er, Ho, Dy, and Gd (after 
Pauthenet). 


In this paper we describe experiments carried out on 
seven different polycrystalline garnet materials to meas- 
ure these two quantities from room temperature up to 
the Curie point. 

The only previous resonance measurements reported 
in the literature are those of Dillon* on yttrium iron 
garnet single crystals, and Paulevé’ on the polycrystal- 
line gadolinium compounds. Dillon’s measurements ex- 
cited a great deal of interest since he reported resonance 
lines only a few oersteds wide, far narrower than for any 
ferrites previously examined. Furthermore, he found a 
rather low value for the anisotropy at room temperature 
and above, K,/M ranging from 45 to 2 oersteds. One 
might expect therefore that even in the polycrystalline 
material line widths considerably narrower than those 
of ferrites might be obtained, especially if high-density 
materials could be made. This we have found to be the 
case, the line width for a sample of 96 per cent of theo- 
retical density ranging from 50 oersteds at room tem- 
perature to 13 oersteds at 270°C. On other garnets 
nothing has been published concerning either the 
anisotropy or the natural line width. Our measurements 
show that none of the six other compounds we have ex- 
amined are as promising as that containing yttrium, 
although they may prove to be useful as minor additions 
to the yttrium garnet. 

There are several basic differences between the garnet 
crystal structure and the spinel structure of the ferrites. 
In the garnet there are three types of lattice sites for the 
metal ions; two of them, the 16a and the 24d are oc- 


4 J.F. Dillon, Jr., “Ferrimagneticresonance in yttrium iron garnet,” 
Phys. Rev., vol. 105, pp. 759-760; January, 1957. 

5 J. Paulevé, “Ferrimagnetic resonance in Gd garnet at 9300mc,” 
Compt. Rend., vol. 244, pp. 1908-1910; April, 1957. 
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cupied by Fe*+ ions and the other, the 24c, by the rare 
earth or yttrium ions. The magnetization curves shown 
in Fig. 1 can be explained*:7 on the basis of Néel’s 
theory, by postulating a strong antiparallel interaction 
between the ions on the 16a and 24d sites, and a weaker, 
also antiferromagnetic, coupling between the 24c and 
24d sites. The resultant magnetization of the iron ions 
on the a and d sites is thus antiparallel to that of the 
rare earth ions on the c sites, and compensation points 
occur at temperatures where the magnitudes of the two 
magnetizations become equal. In the yttrium compound 
this complication does not arise since the trivalent 
yttrium ion has no magnetic moment so that the mag- 
netization arises from the iron ions alone. A detailed 
description of the structure and magnetostatic prop- 
erties of the garnets has been given in a series of articles 
by the workers at Grenoble!?*® and also at the Bell 
Telephone Laboratories.?° The fact that all the metal- 
lic ions in the garnet are trivalent suggests another im- 
portant difference between garnets and ferrites. In fer- 
rites the simultaneous presence of ions of the same ele- 
ment in different valence states greatly facilitates elec- 
trical conduction and hence leads to losses in high- 
frequency applications. Since ferrites invariably con- 
tain metal ions of different valencies, usually 2 and 3, 
it is often necessary to strike a compromise in the 
preparation process between keeping the one type of 
ion oxidized and the other reduced. This is sometimes 
difficult although a great deal can be done by the in- 
clusion of certain additives (e.g., manganese). In gar- 
nets, on the other hand, all metal ions present are 
trivalent (which is normally their state of highest oxida- 
tion). Thus no compromise need be made in the firing 
conditions, and one would expect extremely low electri- 
cal losses. The loss tangents for our various samples 
shown in Table I, opposite, indicate that this is indeed 
the case, when it is remembered that these were “pure” 
stoichiometric samples, free from any beneficial addi- 
tives. 

The other remarkable feature of the garnet structure 
is that all of the a, c, and d sites allowed for metal ions 
are filled, as compared with ferrites in which only half 
the A and B sites are randomly filled. This fact is im- 
portant in connection with the mechanisms giving rise 
to the “natural” ferrimagnetic resonance line width," as 
well as in aiding the interpretation of the other basic 
physical properties. 


®R. Pauthenet, “Interpretation of the magnetic properties of 
ferrites 5Fe:0;:3M20; with M=Y, Gd, Tb, Dy, Ho, Er, Tm, Vib; 

Lu,” Compt. Rend., vol. 243, pp. 1737-1740; November, 1956. 

™L. Néel, “On the interpretation of the magnetic properties of 

rare earth ferrites,” Compt. Rend., vol. 239, pp. 8-11; July, 1954. 

_ ®°R. Aléonard, J. Barbier, and R. Pauthenet, “Magnetic proper- 
ties of yttrium ferrite 5Fe.O;-3Y.0, of the garnet type,” Compt. 
Rend., vol. 242, pp. 2531-2533; May, 1956. 

*R. Pauthenet, “Magnetic properties of gadolinium ferrites, ” 

Compt. Rend., vol. 242, pp. 1859--1862: April, 1956. 
jatar Geller and M. A. Gilleo, private communication to be pub- 
; aE AG IMIG Clogston, H. Suhl, L. R. Walker, and P. W. Anderson, 

Ferromagnetic resonance line width in insulating material,” J, Phys. 
Chem. Solids, vol, 1, no. 3, pp, 129-136; 1956, 
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MATERIALS 


The chemical formula for the ferrimagnetic garnets 
is 5Fe.O3:3M,0; where M denotes a trivalent rare 
earth ion from samarium to lutecium, or yttrium. For 
the present investigation samples were prepared with 
M =Sm, Gd, Dy, Ho, Er, Yb, and Y, using the copre- 
cipitation technique described elsewhere.!? This method 
has the advantage of producing high-density, low-loss 
materials whose chemical composition can be accurately 
controlled even on a small scale preparation. X-ray 
powder diffraction patterns were taken on all the samples 
using a General Electric XRD5 spectrometer. No lines 
other than those characteristic of the garnet structure 
were found. The lattice constants determined from the 
patterns are in good agreement with those found by 
Bertaut, et al., and by Gilleo and Geller, as seen in 
Table I. Measurements of magnetic moment at room 
temperature, kindly made for us by C. H. Nowlin using 
a pendulum magnetometer, yielded values of 47M, 
given in column 8. The values are given in Gauss ad- 
justed to the theoretical X-ray density. Values of 
4r M, calculated from Pauthenet’s published magnetiza- 
tion curves in Bohr magnetons/molecule are shown in 
column 9. Jt will be seen that there is some systematic 
discrepancy. This may be due in part to difficulty in 
reading values off Pauthenet’s curves. 


EXPERIMENTAL PROCEDURE 


Resonance measurements were made on small (0.015- 
inch to 0.035-inch) spherical samples at X band, using 
a reflection-type apparatus similar to that described by 
Artman and Tannenwald® and by Spencer, LeCraw, 
and Reggia.4 To minimize wall effects the spheres were 
placed about 14} diameters off the center of the end wall 
of the rectangular cavity. The cavity was operated in 
the TEj1 mode at a resonant frequency of 9208 mc at 
room temperature, decreasing by 40 mc as the tempera- 
ture was raised to 300°C. The cavity was made of copper 
and continuously flushed with dry nitrogen gas to pre- 
vent corrosion at high temperatures. Temperatures up 
to 300°C were obtained by a small furnace completely 
surrounding the cavity. The temperatures were meas- 
ured, with an accuracy of +3°C, by means of an iron- 
constantan thermocouple attached to the cavity wall. 

The reflection coefficient of the cavity (and therefore 
the standing wave ratio in front of the cavity) was 
measured by sampling the direct and reflected signals 
and comparing them after detection, using two crystal 
detectors calibrated to agree within +0.05 db over the 
range of signal variations. A HP X382A precision cali- 


2 W. P. Wolf and G. P. Rodrigue, “The Preparati = 
crystalline Ferrimagnetic Garnet Materials for Nieto ieee 
tions,” Harvard Univ. Gordon McKay Lab., Cambridge, Mass 
Contract AF 19(604)-1084 Sci. Rep. No. 9; also to be published. 

ane Artman auc P. es Se “Measurement of sus- 
ceptibility tensor in ferrites,” J. Appl. Phys., vol. 2 : 
Sepieubes: 1955. isha ES at: 

“4 E. G. Spencer, R. C. LeCraw, and F. Reggia, “M 
microwave dielectric constant and tensor permed mes 
spheres,” 1955 IRE Convention REcorp, pt. 8, joey a1, 
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TABLE I 
3M203-5Fe.0; 
Lattice Constant (in A°) : Theoreti ; 
Density Rae Per Cant Dielectric 4nrM, 4M, AH 
(Berane (exp.) Denaty Density Loss tan (Gauss (Gauss) Oersteds at 
| et al.) in gm/cc tem oo (at 20 mc) +Per Cent) | (Pauthenet) tom 
a Par eee hres 12.36 4.95 5.190 95.5 ~0.003 1740+3.6 1680 50 
Gd 12.445 =o 00s ree a 6490 36 Bae eo i 
Dy 12.385 +0 .005 12.38 6.08 6.701 9 eee 73 00 
: : ; 1 ~0 .004 537 +3.2 400 
Ho 12.350 +0 .005 =s 6.05 6.811 89 1G. 
; r ~0.0015 97643. 
a Tr seca one 1233 6.33 6.892 92 ~0 .004 oe aH 1400 
5 0h — 6.08 7.097 86 ~0.0025 1640 +6 1500 530 
a eae ne canes ee eee Oe 


_ brated attenuator in the direct arm was used to measure 


the change in reflected power with magnetic field. Its 
absolute accuracy, guaranteed by the manufacturer to 
be within 2 per cent, was found to agree well with a 
second attenuator of the same type. From the measured 
reflection coefficients it is possible to calculate the imagi- 
nary part (xz:’) of the diagonal component of the “ex- 
ternal” susceptibility tensor, using standard Bethe- 
Schwinger perturbation theory. In mks units yz2’’ is 
given by 


absent ee 1 
Xo ee Ue == = “ 
Tae 0. p po) 


where 

V =volume of the cavity, 

Av=volume of the sample, 

\,= wavelength in the empty cavity, 

No =free space wavelength, 

Q.= “external” or radiation Q of the cavity, 
p=vsewr in front of the loaded cavity at some applied 

HT field, 
po=vswr in front of the empty cavity. 


The estimated accuracy in the absolute values of xz::’ ‘ 
is approximately 20 per cent. Relative measurements: 
from which line width and effective g values are deter- 
mined, are more accurate. Line widths are estimated to 
be accurate to 5 per cent except for the samples having 
extremely wide lines (Sm and Ho), for which the error 
may be as large as 10 per cent. 

Because the magnetic field was measured with ex- 
treme accuracy by means of nuclear magnetic resonance, 
errors in g factor are due primarily to uncertainty in ad- 
justing the magnetic field for maximum absorption, and 
thus they depend strongly on the line width of the 


" particular sample. For yttrium garnet, with a line width 


of 50 oersteds, the error is about 0.2 per cent while the g 
factors of samarium and holmium garnets are accurate 
to about 2 per cent. 


RESULTS 
Room Temperature Measurements 


At room temperature, four of the seven samples gave 
a ferrimagnetic resonance absorption for magnetic fields 


‘in the range zero to 6100 oersteds. The absorption 


T T T T T T 
22h 1 
20} 4 
I8- 
' 
je UE al 
a re 
ie _Y | 
Va 
1OF a 
BE 
6F A) 
4F Yb 4 
ale OTN Er | 
10) 
(0) 1000 2000 3000 4000 5000 6000 7000 


H (OERSTEDS) 


Fig. 2—Room temperature curves of xz2’’ (mks values) vs H. 


curves, expressed in absolute mks units of x’’ are shown 
in Fig. 2. It will be seen that the yttrium garnet has by 
far the narrowest line width (~50 oersteds) and cor- 
respondingly the largest value of x’’. For greater ease 
of comparing the line widths and resonance field values, 
these absorption curves were normalized to the same 
peak height; the results are shown in Fig. 3 where each 
line is compared to that of yttrium. The absence of reso- 
nance in the cases of the holmium and dysprosium gar- 
nets was explained by measurements made at higher 
temperatures (see below) which indicated that the reso- 
nance field at room temperature is greater than 6100 
oersteds, our highest available field. Resonance in the 
gadolinium garnet was also observed at higher tempera- 
tures, and here the results indicated a trend towards 
broader and weaker lines as the magnetic compensation 
point at about 17°C was approached. 

In order to detect the possible effect of sphere size on 
observed g factor and line width, spheres of at least two 
different diameters were tried for all samples. When the 
diameter was doubled from 15 to 30 mils, no appreciable 
effect on the g factor was observed beyond the limits of 
experimental error mentioned previously. This doubling 
of the sphere diameter increased the observed line width 
in all samples by roughly 10 per cent. The values quoted 
below refer to the smallest sphere in each case. 

The effective g factors reported here were calculated 
from the well-known equation 


(1) 
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Fig. 3—Normalized room temperature curves of xz2"’ vs H. 


where y=gerr(e/2mc), and Hy is the resonance field. 
However, Okamura et al.© have observed that the 
effective g factor is frequency dependent, and they at- 
tributed this to the existence of an apparent internal 
field H;. Thus the true g factor should be determined 
from 
€ 
Qo == Bene (Ho a= H.). (2) 
2mc 

Kojima’’ and McGuire,” noting the effect of porosity on 
g factor, have suggested that this internal field must, 
in part at least, be dependent upon the density of the 
sample. This density effect and the shift in resonant field 
due to anistropy have been treated theoretically by 


Schlémann,!® who has obtained for the internal field of 
(2) the expression 


4nM, v 1 


H; Yelle 
3 Vv te 4 


(3) 
where V is the total volume of the sample, v the voiume 


_ °T. Okamura, Y. Torizuka, and Y. Kojima, “The g factor of fer- 
rites,” Phys. Rev., vol. 88, pp. 1425-1426; December 15, 1952. 
6 Y. Kojima, “The g factor of ferromagnetic spinels,” Sci. Rep. 
Res. Inst., Tohoku University, vol. A-6, pp. 614-622; December, 1954. 
“T. R. McGuire, “The frequency dependence of g values in 
ferrites,” Proc. AIEE Conf. on Magnetism and Magnetic Materials, 
pp. 43-46; 1955. 
8 E. Schlémann, “The Microwave Susceptibility of Polycrystal- 
line Ferrites in Strong DC Fields and the Influence of Nonmagnetic 
Inclusions on the Microwave Susceptibility,” presented at Conference 


eee and Magnetic Materials, Boston, Mass.; October, 


of all pores, and H,=2K.i/M, K, being the first order 
anisotropy constant. As the density effect is directly 
proportional to the magnetization, it should for our 
samples be most important in the yttrium compound. 
Samples of yttrium garnets with densities varying from 
81 to 96 per cent of the theoretical X-ray density were 
tested. Fig. 4 shows the agreement with Schlémann’s 
theory. The experimental points for the internal field 
were calculated by combining (1) and (2) to give 


mm (Ac 
Ztrue gett/ 1.400 


The true g factor was taken from Dillon’s single crystal 
measurements at room temperature, and ges: is that ob- 
served in samples of the various densities; fo is the fre- 
quency in mc. The large uncertainty at the lower 
densities is due to difficulties in obtaining true spheres 
from the lower density materials. The slope of the theo- 
retical line was determined by the saturation magnetiza- 
tion, and the line was then drawn so as to obtain the 
best agreement with the experimental values. The inter- 
cept corresponding to 100 per cent density indicates a 
value for { H, of the order of 15 to 20 oersteds, in satis- 
factory agreement with Dillon’s value. The densities 
are those measured on the gross sample and represent a 
minimum density of the sample. They may be in error 
by 3 per cent. 


Schlémann!* has also treated the effect of density on 
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Fig. 4—Internal field of (3) as a function of density. Slope of theo- 


retical line determined by 47M/,=1680 Gauss. Best fit with ex- 
perimental points obtained with H,=15 oersteds. 


line width. He suggests that the line broadening due to 
pores alone would be given by 


1 
Niet 1.5(4n Mf ,) = ————— (4) 


V 

v 
This effect is observed to be of great importance in the 
yttrium garnet because of its extremely small intrinsic 
line width and low anisotropy field. Fig. 5 shows the 
experimentally observed line widths and the theoretical 
curve representing the line broadening due to pores 
alone, as calculated from (4). Again the densities may be 
in error by 3 per cent. 

The close agreement suggests that in this material, in 
which K,/M is known to be small compared with 47M, 
anisotropy contributes very little to the line width, in 
agreement with the recent theory of Geschwind and 
Clogston!® on dipolar narrowing. It appears that the 
intrinsic line width of a 100 per cent dense polycrystal- 
line yttrium garnet sphere at room temperature would 
be considerably narrower than the 50 oersteds reported 
here. It is obvious that to take full advantage of the 
narrow line widths in polycrystalline yttrium garnets 
extremely high densities must be obtained. In even a 
93 per cent dense sample most of the line broadening is 
due to pores. 

A close examination of the shape of the resonance 
curves shows that all of them are slightly asymmetric, 
particularly on the lower parts of the x’’ curves, as can 
be seen in Fig. 3 and Fig. 6. For Y, Gd, and Yb, the 
wings of the resonance curves are steeper on the low 
field side, while those of Er, Ho, and Sm are steeper on 
the high field side. If the polycrystalline line width were 
entirely due to anisotropy broadening this would in- 
dicate, according to Schlémann’s theory,'* that Y, Gd, 
and Yb have negative anisotropies while those of Ho, 
Er, and Sm are positive. However, if the line widths 
were entirely due to anisotropy, we would expect very 


19S. Geshwind and A. M. Clogston, private communication. 
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Fig. 5—Line width of yttrium garnet as a function of density. 
Theoretical curve calculated from (4). 
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Fig. 6—Resonance lines in polycrystalline holmium 
and gadolinium garnets. 


much larger asymmetries than those observed, and we 
must suspect therefore that there are other important 
contributing factors. In the yttrium garnet we know 
that porosity plays an important role in determining the 
line width while preliminary measurements on single 
crystals of the gadolinium and samarium garnets have 
shown that even single crystals have line widths very 
close to those reported here for the polycrystalline 
materials. It must be concluded, therefore, that there is 
no simple relationship between the asymmetry and the 
sign of the anisotropy in these materials, and in fact 
some recent measurements have shown that the 
samarium garnet has a negative anisotropy, with 
K,/M of only about 120 oersteds. The line width of the 
samarium garnet single crystal was found to be about 
2000 oersteds at room temperature, approximately in- 
dependent of crystal orientation. Measurements on 
single crystals of gadolinium garnet by Ra a bite 
(private communication) have shown that the line 
width depends markedly on crystalline orientation and 
varies from about 1000 oersteds at 20°C to about 140 
oersteds at 90°C. K; was found to be negative. 


High-Temperature Measurements 


Ferromagnetic resonance measurements were made 
as a function of temperature on all samples from room 
temperature to the Curie points, which for all the seven 
materials are in the range of 265° to 280°C. 

The variation of effective g factor with temperature 
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Fig. 7—Temperature variations of the effective g value 
in polycrystalline garnets. 


for Y, Yb, Er, Ho, and Sm garnets is shown in Fig. 7, 
and for Gd garnet in Fig. 8. It will be seen that all of 
them with the exception of the yttrium compound have 
g factors which are temperature dependent and ap- 
preciably different from 2. There may be several factors 
contributing to this. As the temperature changes both 
the anisotropy and the magnetization change and hence 
the internal field H;, given by (3), changes. Moreover, 
in all but the yttrium and gadolinium garnets there are 
ions having orbital angular momentum which will be 
partially quenched in the solid. The effect of the 
quenching may be expected to change with temperature 
and this will be reflected by a change in g factor. For the 
gadolinium garnet g moves towards extremely large 
values as the compensation point T,, is approached. 
This has also been reported by Paulevé.® It is probably 
due to the combined effects of anisotropy shift and of 
the existence of slightly different compensation points 
for the total magnetization and the total angular mo- 
mentum. 

At high temperatures where the shift in g due to 
anisotropy and porosity is negligible, the g factor ob- 
served on the yttrium garnet (gor,= 2.011+0.002) agrees 
very well with that reported by Dillon‘ on a single 
crystal at the same temperature (g=2.009 + 0.002). 

The peak of the holmium resonance curve was first 
observed below 6100 oersteds at about 140°C. The peak 
in the resonance line of the dysprosium garnet was not 
found below 6100 oersteds at any temperature, though 
the lower wing of the line was plainly observable at the 
highest obtainable fields at temperatures above 240°C. 
Thus its effective g factor remained less than ez 

The results of measurements of line width vs tem- 
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Fig. 8—Effective g value of gadolinium garnet as a function 


of temperature. (Tcomp = 17°C.) 


perature for Yb, Er, Sm, and Ho garnets is shown in 
Fig. 9 and for yttrium and gadolinium in Fig. 10. The 
minimum line width on all curves occurs at tempera- 
tures slightly below the Curie point reported by 
Pauthenet.® The sudden increase in the vicinity of 270° 
to 280°C was observed in all samples. It is probably due 
to the combined effect of several causes: near the Curie 
point M tends to small values very rapidly while K, 
tends to zero more slowly.?° Thus K,/M would increase 
as M decreases. This would cause an increase in the line 
width both by increasing the usual anisotropy broaden- 
ing and also by reducing the effect of dipolar narrowing 
as suggested by Geschwind and Clogston. Near the 
Curie point, even in single crystals, the effect of ex- 
change interaction also becomes small and thus the 
usual exchange narrowing, which leads to lines consider- 
ably narrower than would otherwise be expected on the 
basis of magnetic dipole—dipole interaction—ceases to 
operate. A sharp increase in the line width of a single 
crystal has been observed by Dillon® in yttrium gar- 
net near the Curie point. The narrowest line observed 
below the Curie point in the polycrystalline mate- 
rial was 13 oersteds for the yttrium compound at 
272°C. It should be noted that a substantial part of this 
decrease from the value at room temperature is due to 
the lessening of porosity broadening as the magnetiza- 
tion decreases. 

It can be seen from Fig. 9 and Fig. 10 that the curves 
of line width vs temperature for all the garnet materials 
studied have the same general shape, with the obvious 


20 W. P. Wolf, to be published. 
41 J. F. Dillon, Jr., private communication. 
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Fig. 9—Line width vs temperature in polycrystalline 
garnet materials. 
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Fig. 10—(a) Line width of yttrium garnet as a function of tempera- 
ture. (b) Line width of gadolinium garnet as a function of tem- 
perature. 


exception of that of the gadolinium garnet, which has a 
compensation point near room temperature. The 
anomalous behavior of the gadolinium garnet in this 
range of temperature is of course to be expected, since 
the effective anisotropy field, 2Ki/M, grows rapidly as 
M tends to zero at the compensation point. The recent 
experiments on single crystals quoted above have 
shown, however, that this is not the only cause for the 
increase in line width and that there is also a consider- 
able contribution from the intrinsic line width of the 
individual crystallites. 


A DISCUSSION OF TECHNICAL APPLICATIONS 


Because of their unusual properties the garnets offer 
unusual possibilities in low frequency microwave ap- 
plications. Hogan?? and Lax® have discussed the low- 
frequency problem in some detail. 


2 C. L. Hogan, “The low-frequency problem in the design of 
microwave gyrators and related elements,” IRE Trans., vol. AP-4, 
pp. 495-501; July, 1956. or : 

’ 23 B. Lax, “Frequency and loss characteristics of microwave fer- 
~ rite devices,” Proc. IRE, vol. 44, pp. 1368-1386; October, 1956. 
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Fig. 11—Depicting absorption curve in an isolator neglecting all 
phenomena except ferromagnetic resonance. The dotted curve is 
for a lower frequency or higher y. 


We will discuss here the very important materials 
aspect of the low-frequency problem with the realization 
that certain design techniques can significantly modify 
any numerical results which are obtained. For simplicity 
the infinite medium theory as discussed by Hogan will 
be used. It does not apply quantitatively in waveguides, 
of course, but it is useful for comparison purposes and 
for helping to make the physical picture more concrete. 

Consider the resonance absorption isolator. Fig. 11 
depicts the absorption curve, neglecting all phenomena 
except ordinary ferromagnetic resonance. For positive 
circular polarization the absorption peak occurs at a 
field H, which is proportional in some way (depending 
on the geometry) to w/y. For negative circular polariza- 
tion the insertion loss is determined in part by the tail 
of the absorption line at —H,. The narrower the line, 
the lower the absorption on the tail for a given H,, and 
the higher the peak for a given magnetic moment. For 
lower frequency or higher y the line moves toward 
lower fields and the back-to-front ratio decreases, 7.é., 
the isolator deteriorates. This simple physical picture 
demonstrates the desirability of low g values and narrow 
line widths at low frequencies. The g value of poly- 
crystalline yttrium garnet is for practical purposes 2.0,” 
and the line width 50 oersteds at room temperature. 
These numbers show a striking advantage over ordi- 
nary ferrites with equivalent Curie temperature 
(~300°C), where one might expect line widths no 
smaller than about 200 oersteds. In even denser yttrium 
garnet the line width might be reduced to around 30 
oersteds, as previously discussed, with the attendant 
improvement in low-frequency operation. Furthermore, 
some of the garnets have very low g values (Er, 1.4; Ho 
Arid Lyy lee) 

The physical picture discussed here is informative, 
but the problem is more correctly treated by solving 
mathematically for the attenuation in terms of the in- 
trinsic properties of the material. Hogan” has done this 
in terms of circularly polarized waves in an infinite 
medium, and he finds for the back-to-front ratio, 


Re 4/28 a) (5) 


24 In the nickel ferrite-aluminates which have been developed for 
low-frequency applications (see Pippin and Hogan, this issue, p. 77) 
the g value is significantly greater than 2. 
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where AH is the line width. This can be rearranged to 
give 
yAH R?!8 


OW eae (6) 
5.0 


This is the minimum frequency for a given back-to-front 
ratio. If a ratio of 10 is desired, this gives 


Ee = NOONE (7) 
V4 


Inserting y =2.8 mc/oersted and AH =S0 oersteds,” the 
values for the yttrium garnet, one gets 


fmin = 130 me. 


By comparison a ferrite with AH =200 oersteds would 
give fmin =520 me. 

The narrow line width has been made to look attrac- 
tive in this discussion; however, the more narrow line 
width materials tend to deteriorate more rapidly at high 
powers, and this can be a serious limitation. On the other 
hand, the narrow line yttrium garnet should prove ex- 
tremely effective in all microwave devices designed to 
exploit nonlinear behavior, such as passive limiters. 
Others such as frequency doublers, mixers,”° and detec- 
tors?’ depend on the ability of the magnetization vector 
to “fan out” in large precessional motion, and this mo- 
tion is accentuated in narrow line width materials. With 
respect to the detector, magnetostrictive properties of 
the material are important; little, if anything, is known 
about magnetostriction in the garnets at this time. 

While dealing fancifully with 130-mc isolators, we 
have neglected some important considerations at low 
frequencies. The material must be magnetized for the 
theory to apply, and to gain the most from the ferro- 
magnetic absorption phenomenon. The resonance field 
for extremely low frequencies may be insufficient to 
magnetize the material unless care is taken in choosing 
the geometry. A field necessary for saturation is ap- 
proximately equal to the demagnetizing field plus the 
anisotropy field and in this respect the yttrium garnet 
is favorable, having an anisotropy field of only 90 
oersteds at room temperature. As an example, a long 
thin slab magnetized perpendicular to the plane of the 
slab has a resonance field given roughly by 


(63) 
H, = — + 4rM. 
Y 


The field necessary to magnetize it is 
iksee = 441M te Haase) 


and so if the resonance field is to magnetize the slab, 


*> This assumes the line width does not change with frequen 

War: Ayres, P. H. Vartanian, and iene ene freien 
doubling in ferrites,” J. Appl. Phys., vol. 27, pp. 188-189; February 
1956. Also, J= E> Pippin, “Frequency doubling and mixing in fer- 
rites,” Proc. IRE, vol. 44, pp. 1054-1055; August, 1956. 

27D. Jaffe J. C. Cacheris, and N. Karayianis, “Ferrite micro- 
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For yttrium garnet, with 2Ki/M =90, this requires that 
fe UTC. 


For comparison, nickel ferrite with Hanis =400 and 
g=2.34 would require 


f= 13500nmc? 


Up to now the low field losses have been neglected. 
These losses occur because of domain structure in in- 
completely magnetized materials, and have been studied 
in the ferrites by Rado and others.?’ There is insufficient 
information to describe these losses quantitatively at 
present, and such losses have not yet been measured at 
all in the garnets. Nevertheless, it has been shown”? that | 
in general, zero field losses extend up to a frequency of 


Wmax — (Hanis So 4rM,) 


and for yttrium garnet this gives @nax = 4900 mc. 

One way of lowering this limit which has been used 
in the past for ferrites is to reduce M, by replacing some 
of the magnetic ions by aluminum. However, this also 
reduces the Curie point and there is a limit beyond 
which one cannot go in practice. Such considerations 
would not arise if one were to use instead an yttrium 
garnet with some of the yttrium ions replaced by rare 
earth ions with large magnetic moments (e.g., Gd or 
Tb), since the Curie point is almost the same for all the 
rare earth garnets. With such a mixed garnet any value 
of M, between zero and the value for the pure yttrium 
compound could be obtained. 

Another way in which mixed garnets might become 
technically useful is as materials whose magnetization 
is almost constant over a certain range of temperatures. 
It can be seen from Fig. 1 that M increases with T over 
a considerable range of temperatures for all compounds 
having compensation points, while for the yttrium (and 
lutecium) garnets it decreases steadily with T. Thus it 
is easy to envisage a mixed compound whose M vs T 
curve would have a stationary point at any desired 
temperature below the Curie point and relatively little 
variation on either side. 

The low field losses, occurring in unmagnetized media, 
are completely reciprocal with respect to wave propaga- 
tion. This is another strong reason for having the ferrite 
saturated by the resonance field in an isolator; else the 
low field losses will produce attenuation in the forward 
direction and decrease the isolation ratio. This is illus- 
trated in Fig. 12 in which the low field losses and ferro- 
magnetic resonance losses are shown separately. Gen- 


28 G. T. Rado, R. W. Wright, and W. H. Emerson, “Ferromag- 
netism at very high frequencies. III. Two mechanisms of dispersion 
in a ferrite,” Phys. Rev., vol. 80, p. 273: October 15, 1950. 

29 L. G. Van Uitert, J. P. Shafer, and C. L. Hogan, “Low-loss fer- 


rites for applications at 4000 mc/sec,” J. Appl. P 
925-926; July, 1954. ppl. Phys., vol. 25, pp. 
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Fig. 12—The effect of low field loss on total loss in an isolator. 
A phase shifter would operate between H, and Ah. 


erally the low field loss is reduced in magnitude when 
the saturation moment is decreased ;3° for this reason it 
is often desirable to have a low saturation moment even 
in an isolator. The moments of the garnets are relatively 
low. 

For nonreciprocal phase shifters operating below the 
field required for resonance, the low frequency problem 
is even more difficult. Generally such phase shifters 
operate in the region of minimum attenuation, where 
the low field losses have nearly disappeared and the 
resonance losses have not yet become large (for example, 
between H, and H; of Fig. 12). For low frequencies the 
minimum may be very narrow or even nonexistent, as 
the absorption line gets closer to zero field. Then it be- 
comes necessary to reduce the saturation moment until 
the low field losses do not occur. Fig. 12 also demon- 
strates the desirability of a narrow line width and low g 
factor for phase shifters. 


30 This is true for sufficiently high frequencies. For lower micro- 
wave frequencies (~1000 mc) the problem is more complicated. 
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Using infinite medium theory, Hogan has calculated 
the differential phase shift per db loss for such a phase 
shifter, neglecting the low field loss and including only 
the ferromagnetic resonance loss due to the tail of the 
absorption line. He finds 


6/Ly = ————— 
- 2.2yAH 


where 6 is differential phase shift and L, is the attenua- 
tion of the positive circularly polarized wave. If a differ- 
ential phase shift of #/2 radians with 0.5 db loss is de- 
sired, then for the yttrium garnet 


a) 
= ee Sheil) 
af 


or 
f > 1050 me. 


For a ferrite with AH = 200, this would give f>4200 mc. 
Actually both numbers are pessimistic since, for poly- 
crystals, the absorption on the tail of the curve is usually 
smaller than that predicted by the Lorentzian line with 
the given half-width. For the numbers to be meaningful 
at all, the low field loss must be eliminated by making 
sure that the material is completely magnetized, or by 
reducing the saturation moment so that they do not 
occur. 
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Reciprocal Ferrite Devices in TEM Mode 


Transmission Lines* 
D. FLERI} anp B. J. DUNCAN} 


Summary—Several new reciprocal ferrite devices have been de- 
signed in TEM mode transmission lines to operate over both narrow 
and extremely broad bandwidths in the low-microwave frequency 
region. These include variable attenuators, an amplitude modulator, 
and a traveling-wave tube equalizer. Each component utilizes the 
attenuation associated with gyromagnetic resonance in low satura- 
tion magnetization ferrites. The techniques used to overcome the 


* Manuscript received by the PGMTT, August 9, 1957. This work 
was partially supported by the U. S. Air Force, Wright Air Develop- 
ment Center, Contract No. AF 33(038)-14524. 
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matching problems inherent in TEM mode transmission lines when 
ferrite loaded, and the design considerations pertinent to each com- 
ponent, are treated in detail. The parameters affecting the charac- 
teristics of each device are discussed and both final design and 
operating characteristics of the components are presented. 


INTRODUCTION 


N recent years, considerable effort has been de- 
if voted to the design of a wide assortment of ferrite 
devices in various types of microwave transmission 
lines. Included among these are nonreciprocal ferrite 
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components designed in circular waveguide,’ rectangu- 
lar waveguide,?- coaxial line,®.” strip transmission line,® 
and a helical transmission line.? However, only a limited 
amount of information has appeared in the literature on 
useful reciprocal ferrite devices designed in TEM mode 
transmission lines.1?1! 

It is the purpose of this paper to describe a series of 
reciprocal ferrite devices designed for both narrow and 
broad-band applications. These devices are designed in 
coaxial line and strip transmission line structures with 
particular emphasis on maintaining size and weight as 
small as practical. Included in this series of components 
are variable attenuators, an amplitude modulator, and 
a traveling-wave tube equalizer. The design considera- 
tions leading to the development of these components 
are given, as are the parameters affecting their opera- 
tion. Also included are the physical design of each of 
these component types. Finally, the pertinent features 
and operating characteristics of each component are pre- 
sented. 


GENERAL DISCUSSION 


Gyromagnetic resonance effects are the result of a 
coupling between a microwave magnetic field and the 
electrons within a ferromagnetic medium. The greater 
the concentration of the microwave magnetic field, the 
greater is the degree of coupling. In coaxial line propa- 
gating the TEM mode, the microwave magnetic field 
concentration is greatest in the boundary of the center 
conductor and decreases inversely with radial distance. 
Maximum interaction between the microwave energy 
and a ferromagnetic material will occur at the boundary 
of the inner conductor and, therefore, the ferrite con- 
figuration used in the coaxial structures discussed in this 
paper consists of thin cylindrical tubes fitting about the 
center conductor. Each of the coaxial components 
utilizes a longitudinal biasing field and since the micro- 
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wave magnetic field is linearly polarized, each of these 
components is reciprocal. 

For purposes of analysis, the thin cylindrical ferrite 
tubes may be considered to exhibit the same demag- 
netizing factors as a thin ferrite slab when longitudinally 
biased. The expression relating the resonant frequency, 
Vres, and the magnetic biasing field, Hpc, for a thin fer- 
rite slab, infinite in extent, biased and saturated per- 
pendicular to its narrow dimension is: 


Yres = y[Hpc(Hpc + 44M) ]'? (1) 
where: 


YY =gyromagnetic ratio for the electron =2.8 mc 
/oersted 
4nMg=saturation magnetization of the ferrite in 
Gauss. 


Even though the ferrites may not be completely 
saturated in the cases considered herein, (1) can be used 
as an approximate expression relating y;~, and Hpc. The 
approximation becomes more accurate as the wall thick- 
ness of the ferrite tube is made smaller and/or as the 
ferrite becomes more nearly saturated. 

At a given frequency, and for a particular material, 
resonance attenuation is a function of ferrite length. As 
should be expected, the attenuation increases linearly 
with ferrite length and for a given length, the resonance 
attenuation increases with increasing frequency. 

Fig. 1 demonstrates the variation of resonance at- 
tenuation with ferrite wall thickness. In the region of 
the curve corresponding to small wall thickness, the 
variation is linear. As the wall thickness becomes larger, 
the rate of increase of attenuation falls off. This is due 
in part to the decrease of the microwave field concen- 
tration with radial distance. Also, the ferrite loading 
gives rise to the generation of higher order modes, 
which causes the field pattern to be somewhat different 
from the pure TEM mode configuration. 

The linear variation of vswr with ferrite wall thick- 
ness is also shown in Fig. 1. For a twenty-five thou- 
sandths wall, the vswr is very high, approximately 4. 
Even for a five thousandths wall, the vswr is appreci- 
able, approximately 1.5. At first glance, this appears to 
be too high a vswr to be caused by such a thin tube. 
However, the incident microwave energy encounters 
a discontinuity greater than the actual physical dis- 
continuity, this is, greater than the ferrite wall thick- 
ness, by a factor equal to the square root of we, where 
Mis the effective permeability of the ferrite and ¢ is the 
dielectric constant. Since uw is about 10 or 15 at reso- 
nance, and since e is of the same order of magnitude, the 
electrical discontinuity exceeds the physical discon- 
tinuity by a factor of 10 or greater. The discontinuity 
susceptance plus the change in characteristic impedance 
in the region of ferrite loading both contribute to the 
high vswr’s. 

The first step in reducing the vswr is to use the 
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Fig. 1—Variation of gyromagnetic resonance attenuation and 
vswr with ferrite wall thickness. 


thinnest tubes practicable. A Smith chart analysis of 
this structure showed that the impedance varied with 
frequency in an abrupt and erratic manner, both in 
phase and magnitude. Thus the conventional matching 
techniques were not effective over any appreciable band- 
width. It was found that the most effective matching 
technique was to space the ferrite tubes in groups of 
two or three along the transmission line. An optimum 
spacing was determined empirically such that the re- 
flections from each of the several distributed discon- 
continuities interfered destructively. In this way a satis- 
factory match was attained over very broad band- 
widths. 

Another TEM mode structure useful in the design of 
reciprocal ferrite devices is strip transmission line. The 
field configuration of the dominant mode is as shown in 
Fig. 2(a). The microwave magnetic field is most intense 
in plane a-b and is linearly polarized at all points in this 
plane. The field intensity decreases rapidly with lateral 
displacement and at a point, a distance w from the end 
of the center strip, it is 27 db below the maximum value. 
If a thin ferrite slab is positioned on the center strip at 
plane a-b, gyromagnetic resonance effects are ob- 
tained. The bias may be either longitudinal or trans- 
verse to the broad dimension of the transmission line. 
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Fig. 2—(a) TEM mode field configuration of balanced strip trans- 
mission line. (b) End view of ferrite-loaded strip-transmission-line 
structure. 


Two ferrite slabs were used: one centrally positioned 
on the upper ground plane, the other positioned directly 
below it on the lower ground plane [Fig. 2(b)]. This 
ferrite configuration was chosen since it preserves the 
symmetry of the transmission line and gives a reason- 
able match. The dc magnetic bias was applied trans- 
verse to the broad dimension of the transmission line. 

Securing a good match is less difficult in strip trans- 
mission line than in coaxial line. In the latter case, the 
ferrite is situated in the region of maximum magnetic 
field. Also, the microwave magnetic field encounters 
the ferrite medium throughout its closed loop. Neither 
of these conditions exist in the balanced stripline con- 
figuration of Fig. 2(b). Therefore, the discontinuity 
created by the ferrite is less in this structure and the 
match is correspondingly better. 


DEVICES 
Variable Attenuator 


A direct application of the ferrite-loaded TEM mode 
transmission line structure is the variable attenuator. 
For a fixed microwave frequency, there is but one value 
of magnetic bias corresponding to the resonant condi- 
tion. If the bias field is varied from its resonant value, 
the attenuation will decrease from its maximum value. 
The value of minimum attenuation is determined by 
the low field characteristics of the particular ferrite em- 
ployed. At a fixed frequency, the upper and lower limits 
of attenuation and the swing in bias required to span 
these limits, are solely a function of ferrite type. 

The ideal ferrite for this application saturates at low 
bias fields, has a small imaginary component of the 
dielectric constant, a large imaginary component of the 
effective permeability at resonance, a high saturation 
magnetization, and a high Curie temperature. As a con- 
sequence of the first two characteristics, the insertion 
loss and the lower limit of attenuation will be small. 
The condition on the imaginary component of the effec- 
tive permeability ensures a high resonance loss, and 
hence a large upper limit of attenuation. Eq. (1) demon- 
strates that at a particular frequency a ferrite of high 
saturation magnetization requires a low value of bias for 
resonance. This permits use of a small electromagnet 
both in terms of size and driving power. If the power 
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Fig. 3—Temperature dependence of resonance attenuation 
for several ferrite aluminates. 
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ferrite chosen for this application met all the criteria 
except that of high saturation magnetization. The mate- 
rial used was a ferrite aluminate having a saturation 
magnetization of 650 Gauss. 

The variable attenuator was designed in 3 coaxial 
line to operate from 2 kmc to 4 kmc. A continuous 
change in attenuation from 0.5 to 6 db was attained 
at the low end of the band and from 0.2 to 10 db at the 
high end. The maximum vswr was less than 1.5. 
Whereas this component is suitable for the particular 
application for which it was designed, improved results 
are attainable in strip transmission line. 

The strip transmission line variable attenuator 
utilized two slabs of low loss ferrite aluminate centrally 
positioned on the upper and lower ground planes [Fig. 
2(b) |. The attenuation was variable from a minimum 
of 0.3 db to a maximum of 10 db. Maximum vswr was 
equal to 1.22 (Fig. 4). While no attempt has been to 
optimize these results, they are significant in that they 
illustrate the feasibility of strip-transmission line in 
reciprocal ferrite applications. 
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Fig. 4—Variation of attenuation and vswr with magnetic biasing at a single frequency for 
the strip-transmission-line variable attenuator. 


dissipation of the magnet becomes too great, the tem- 
perature in the vicinity of the ferrite may approach or 
exceed the Curie temperature of the ferrite with a re- 
sultant deterioration or complete collapse of the at- 
tenuation characteristic. 

Fig. 3 shows the temperature dependence of resonance 
attenuation for three ferrite aluminates at 3 kmc. Type 
A has a low Curie temperature and hence exhibits a 
rapid deterioration of ferromagnetic effects even with 
small increase in temperature. Types B and C have high 
Curie temperatures and suffer no appreciable decrease 
in their ferromagnetic properties over the desired tem- 
perature operating range. The resonance attenuation of 
type C increases with temperature because the material 
is not fully saturated at 3 kmc. 

The criteria established with respect to ferrite charac- 
teristics were not all achievable in a single ferrite. The 


Equalizer 


An equalizer is used at the output of a traveling-wave 
tube amplifier, to correc. * the variation of gain with 
frequency. For example, if the amplification of the 
traveling wave tube varies with frequency as shown in 
Fig. 5(a), the equalizer should possess an attenuation 
characteristic [Fig. 5(b)] such that the output of the 
tube is made independent of frequency. [Fig. 5(c) |: 

A stagger tuning method is employed to achieve the 
equalizer characteristic. Several ferrites, each of differ- 
ent saturation magnetization, were used. At a fixed mag- 
netic bias, each ferrite will resonate at a different fre- 
quency. Kittel’s formula for this configuration (1) in- 
dicates that a ferromagnetic material characterized by 
a high 47MM, will introduce attenuation at the high end 
of the frequency band. Similarly, low 47M, ferrites will 
introduce attenuation at the low end of the band. By 
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Fig. 5—(a) Typical gain-frequency characteristic of a twt amplifier. 
(b) Attenuation characteristic required to equalize twt output. 
(c) Equalized twt output. 


suitable choice of 47M, values, and proper adjustment 
of ferrite length, the desired attenuation characteristic 
is achievable. 

Fig. 6 shows both the ideal and actual attenuation 
curves. They match within approximately +1 db over 
the band. Three ferrite aluminates having saturation 
magnetizations of 800, 1800, and 2000 Gauss were 
used. Since vswr’s of 1.5 could be tolerated in this ap- 
plication and since the over-all length of this component 
was to be kept at a minimum, ferrite tubes with a 12 
thousandths wall were used. 

The vswr varied from a maximum of 1.45 to a mini- 
mum of 1.10. A photograph of this component appears 
in Fig. 7. The total length is 42 inches. 

If an electromagnet is used to provide a portion of the 
magnetic bias field, the attenuation characteristic may 
’ be varied. Thus the equalizer may be adapted for use 
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Fig. 6—Final attenuation and vswr characteristics of the coaxial 
traveling-wave-tube equalizer. 


Fig. 7—Component parts of traveling-wave-tube equalizer. 


with traveling-wave tubes differing in their gain- 
frequency dependence. 


Modulator 


The last component to be discussed is a 3 coaxial line 
S-band amplitude modulator operating from 2 kmc to 
4 kmc (Fig. 8). The ferrite-loaded transmission line 
structure is used in conjunction with both an electro- 
magnet and a permanent magnet (the former fitting 
within the latter). The permanent magnetic field is of 
the proper value to bias the ferrite to resonance at the 
center of the frequency band. When the electromagnet 
is energized, the axial field produced contributes to the 
field of the permanent magnet, thereby, changing the 
bias. This in turn causes the resonant frequency to shift 
in accordance with (1). Thus the resonance attenuation 
peak may be shifted throughout the frequency range 
by appropriately varying the bias. The further removed 
a frequency is from resonance, the less is the attenua- 
tion, until at frequencies in excess of several hundred 
megacycles from resonance, the attenuation is neg- 
ligible. If an alternating current is applied to the electro- 
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Fig. 8—Component parts of S-band coaxial amplitude modulator 
(permanent bias magnet not shown). 


magnet, the frequencies on either side of the center 
frequency will undergo cyclic variation in attenuation; 
maximum attenuation occurring at that frequency de- 
termined by the vector sum of Hyco and the instan- 
taneous value of Hc in (1). If the modulation current 
produces fields of sufficient strength, even the fre- 
quencies at the extremities of the band will undergo this 
cyclic variation; 7.e., amplitude modulation. Fig. 9 
shows the modulation characteristic at several fre- 
quencies within the band. The modulating current 
waveshape was triangular and of sufficient amplitude 
to shift the resonance to within 150 mc of both ends 
of the frequency range. 

A narrow linewidth ferrite aluminate was used in this 
application. Ten ferrite tubes, each } inch long and 
0.007 inch thick were spaced on the inner conductor. 
The average vswr was 1.35. The total length of this 
component is 4% inches. 


CONCLUSION 


A presentation has been made of the basic principles 
underlying the design of several reciprocal ferrite de- 
vices in TEM mode transmission line structures. Each 
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Fig. 9—Modulation characteristic at several frequencies of 
the S-band amplitude modulator. 


component operated at gyromagnetic resonance and 
utilized either coaxial line or strip transmission line. An 
analysis of the mismatch ferrite loading creates in 
coaxial line was given and the technique used to im- 
prove the match described. A comparison was made be- 
tween results in coaxial and strip transmission lines. 
The effect of ferrite size, shape, linewidth, saturation 
magnetization, temperature, and frequency on compo- 
nent performance was discussed and final operating 
data presented on each of the components. 
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Measurement of Ferrite Isolation at 1300 MC* 


G. S. HELLER} ann G. W. CATUNAT 


Summary—Optimum geometry for ferrite isolators at low micro- 
wave frequencies in rectangular waveguide is discussed and meas- 
urements are presented which show the feasibility of constructing a 
practical isolator at 1300 mc using commercially available ferrites. 

Further data for a narrower line-width ferrite are presented. The 
high-reverse to forward-loss ratios obtained are in accord with pre- 

dictions from perturbation theory. 


INTRODUCTION 


OST of the effort of the Ferrite Application Sec- 
IM tion of the Solid State Group at Lincoln Lab- 

oratory, has been directed toward an investiga- 
tion of the feasibility of constructing nonreciprocal de- 
vices at lower microwave frequencies. The device which 
probably can be most easily extended to operate at 
lower frequencies is the resonance isolator. The reason 
for this has been pointed out by Lax! who has shown 
that the optimum reverse-to-forward loss for a reso- 
nance isolator is inversely proportional to the square of 
the resonance line width, whereas corresponding figure 
of merit for a nonreciprocal phase-shift device, meas- 
ured by the differential phase shift per unit average 
attenuation, is inversely proportional to the first power 
of the line width. This is in accord with the fact that at 
the present time the lowest frequency of commercially 
available resonance isolators is about 3000 mc, while the 
lowest frequency at which commercially available non- 
reciprocal phase-shift type devices operate, is approxi- 
mately 6000 mc. In addition to line width, the other 
important limitation at low frequency is the low-field 
loss. However, by using geometries which require 
higher external fields for resonance, this loss sometimes 
may be reduced enough so that a practical device is 
possible. The measurements reported in this paper were 
performed for the purpose of testing the theoretical 
predictions expressed above and evaluating the per- 
formance of lower frequency resonance isolators. 


OptTiIMUM GEOMETRY AT LOW FREQUENCIES IN 
RECTANGULAR WAVEGUIDE 


The Kittel formula for the resonant frequency of a 
magnetically-saturated ellipsoidal sample shows that a 
thin slab magnetized perpendicular to its plane raises 
the magnetic field required for ferromagnetic resonance 
while magnetization parallel to its plane, lowers it. In 
order to avoid as much as possible low-field loss in the 
forward direction, one should use a high external dc 
field. Another reason for the use of a thin slab, mag- 


* Manuscript received by the PGMTT, August 16, 1957. The 
research in this paper was supported jointly by the U.S. Army, Navy, 
and Air Force under contract with Mass. Inst. Tech. 

+ Lincoln Lab., Mass. Inst. Tech., Lexington, Mass. poe 

1B. Lax, “Loss characteristics of microwave ferrite devices, 
‘Proc. IRE, vol. 44, pp. 1368-1386; October, 1956. 


netized perpendicularly, has been pointed out by Lax! 
who showed that the rf magnetic field inside the ferrite 
is most nearly circularly polarized for this geometry. 
Furthermore, at high powers, a thin slab attached to the 
guide wall will dissipate heat more efficiently. This 
geometry is also in accord with the skin depth considera- 
tions which show that if the ferrite is made too thick the 
electromagnetic wave will not penetrate the entire 
thickness and the additional material is not only in- 
effective, but also it inhibits heat conduction to the 
guide wall at high powers. 

The distance between the ferrite slab and the side 
wall of the waveguide can be predicted approximately 
from perturbation theory. The criterion used is either 
minimum forward loss as used by Heller? or the maxi- 
mum reverse-to-forward ratio used by Lax.! These two 
criteria give approximately the same results and are 
in accord with experimental evidence. 

The waveguide used was the standard L-band wave- 
guide (RG-69/U) with the height cut down to 1-inch 
O.D. This was done to reduce the gap dimensions of the 
magnet required and to increase the percentage of wave- 
guide cross section filled with ferrite. 


MEASUREMENTS USING FERRAMIC R1 


Measurements were made at 1300 mc, of forward and 
reverse attenuation as a function of applied magnetic 
field using a slab of Ferramic R1 (0.125 inch X0.801 
inch X 4.00 inches) placed 1.90 inches from the side wall 
of the guide. The reverse loss was 2.2 db and the forward 
loss was approximately 0.40 db giving a ratio of 5.5. The 
data are plotted in Fig. 1. 

In order to improve the reverse-to-forward ratio, di- 
electric loading was used. When the dielectric, Stycast 
K-12, was placed between the guide center and the fer- 
rite as described by Weiss® (Fig. 2), the forward at- 
tenuation was reduced to 0.29 db and the reverse at- 
tenuation was increased to 2.40 db resulting in a re- 
verse-to-forward ratio of 8.3. These results are shown 
in Fig. 3. 

The ratio was increased further by enclosing the fer- 
rite in dielectric material as shown in Fig. 4. In this 
case the Stycast was longer than the ferrite and tapered 
to reduce reflections. For this arrangement the forward 
loss was 0.40 db, the reverse loss 4.60 db, and the ratio 
11.5 (Fig. 5). Thus, it is possible, using this geometry 
and Ferramic R1, to achieve 10 db isolation with a 
forward loss of less than 1 db (Fig. 5). 


2 G. S. Heller, Quart. Prog. Rep. on Solid State Res., M.I.T. Lin- 
coln Lab., Lexington, Mass., p. 55; November 1, 1955. < 

3M. T. Weiss, “Improved rectangular waveguide resonance iso- 
lators,” IRE Trans., vol. MTT-4, pp. 240-243; October, 1956. 
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Fig. 1—Reverse and forward attenuation as a function of applied Fig. 3—Reverse and forward attenuation as a function of applied 


magnetic field for Ferramic R1 (0.125 inch X0.801 inch X4.00 
inches) at 1300 me. 


| FERRITE OIELECTRIC 


Fig. 2—Sample section showing ferrite sample 
and dielectric load. 


magnetic field for Ferramic R1 (0.125 inch X0.801 inch X4.00 
inches) at 1300 mc in waveguide dielectrically loaded with Sty- 
cast K-12 (0.125 inch X0.801 inch X4.00 inches). 


Fig. 4—Sample section showing ferrite sample 
and Stycast envelope. 
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Fig. 5—Reverse and forward attenuation as a function of applied 
magnetic field for Ferramic R1 (0.125 inch X0.801 inch X4.00 
inches) enclosed in Stycast K-12 (0.250 inch 1.602 inch X8.00 
inches) at 1300 mc. 
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Fig. 6—Reverse and forward attenuation as a function of 
: applied magnetic field for ferrite DCL-3-649. 
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Fig. 7—Reverse and forward attenuation as a function of applied 
magnetic field for ferrite DCL-3-649 in waveguide dielectrically- 
loaded with Stycast K-12. 
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Fig. 8—Reverse and forward attenuation as a function of applied 
magnetic field for ferrite DCL-3-649 in waveguide dielectrically- 
loaded with Stycast K-15. 
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MEASUREMENTS WITH NARROWER 
LINE-WIDTH FERRITES 


Dr. John Goodenough of these Laboratories kindly 
has supplied us with a ferrite which has a line width 
of one half to one third that of Ferramic Ri. This Mn- 
Mg ferrite, DCL-3-649, has a saturation magnetization, 
4x M, of 1160 Gauss and a Curie temperature of 100°C. 
Although this low Curie temperature precludes use of 
this ferrite at high powers, the data presented here 
should point out the possibility of constructing low- 
frequency isolators with narrower line width materials. 

A sample of this material, 6.5 inches long, consisting 
of three slabs placed end to end, was inserted in the 
same pinched-waveguide section described previously. 
The optimum reverse-to-forward ratio occurred when 
the sample was located 13 inches from the guide wall. 
The reverse loss for this geometry was 9.5 db and the 
forward loss was less than 0.20 db giving a ratio of 
approximately 50. (Fig. 6) 

With Stycast K-12 loading, as shown in Fig. 2, the 
reverse loss increased to 10.5 db, but the forward loss 
also increased reducing the ratio to approximately 40. 
(Fig. 7) 

Since narrower line-width ferrites would have larger 
rf permeabilities, dielectric loading of a higher dielectric 
constant was tried. Stycast K-15 produced a reverse 
loss of about 11 db and a forward loss small enough so 
that the ratio was greater than 70. (Fig. 8) 


MEASUREMENT TECHNIQUES 


Measurements were made with a bridge consisting 
of both coaxial and waveguide components as shown in 
Fig. 9. The attenuator section consisted of a vernier 
controlled resistor card moving across standard L-band 
waveguide and the phase shift was accomplished by the 
use of a variable length of coaxial line. Care was taken 
to eliminate reflections in the system, all waveguide to 
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Fig. 9—Block diagram of microwave bridge used to measure 
attenuation in ferrite-loaded waveguide. 


coaxial line transitions having a vswr of less than 1.05 
at 1300 mc. The attenuator ‘section was calibrated with 
a power meter and balance of the bridge could be ob- 
tained to a much higher accuracy than the attenuator 
calibration. 


CONCLUSION 


Using commercially available ferrite with the dielec- 
tric loading and favorable geometry it is possible to 
construct resonance isolators at frequencies as low as 
1300 mc with a reverse to forward ratio of 10 and a 
reverse loss of less than 1 db. Narrower line width fer- 
rites result in much larger ratios and these ratios are 
roughly inversely proportional to the square of the line 
width. With the advent of new narrow line width mate- 
rials, such as yttrium-iron garnet, it should be possible 
to construct practical resonance isolators at even lower 
frequencies. However, rectangular waveguide will then 
become too unwieldy and probably it will be necessary 
to resort to physically smaller structures such as di- 
electrically loaded coaxial lines* or trough lines.® 


* B. J. Duncan, L. Swern, K. Tomiyasu, J. Hannwacker, “Design 
considerations for broad-band ferrite coaxial line isolators,” PRoc. 
IRE, vol. 45, pp. 483-490; April, 1957. 

_°H.S. Keen, “Scientific Report on Study of Strip Transmission 
Lines,” Airborne Instr. Lab. Rep. No. 2830-2; December 1, 1955. 
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An Electronic Scan Using a Ferrite Aperture 


Luneberg Lens System” 
D. B. MEDVEDt+ 


Summary—Beam displacements up to +30° have been ob- 
served in the radiation patterns from various ferrite-loaded wave- 
guide apertures in transverse magnetic fields. The apertures are 
used as feeds for Luneberg lenses, and electrical lobing of narrow 

pencil beams is accomplished. The proposed use of a square wave- 
guide ferrite-filled feed for a sequential lobing system is described. 


INTRODUCTION 
[ NTIL recently, attempts to apply ferrites to the 


problem of electronic scanning have been limited 
to their indirect utilization as electrically variable 
phase shifters in corporate or sequential structure ar- 
rays,!:? A direct approach to the problem has been 
studied by Angelakos and Korman,? who have investi- 
gated the far-field radiation patterns from a ferrite- 
filled rectangular aperture at X band. They found that 
shifts in far-field beam maxima up to +30° can be ob- 
tained by application of a transverse magnetic field. 
Wheeler’ has reported the beam scattering from mag- 
netized ferrite spheres in cylindrical waveguide aper- 
tures for possible application to an electronic conical 
scan. 
At Convair, we have restricted our immediate goal 
to the development of a passive electronic tracking sys- 
tem with the following consequent simplifications: 


1) Electrical beam lobing of the pencil beam is re- 
stricted to small squint angles (less than 3°). 

2) The nonreciprocity of the Cotton-Mouton effect 
for the ferrite-filled aperture can be neglected. 

3) The nonlinear behavior of ferrites at high power is 
not relevant. 


In this paper, it is proposed that the electronic track- 
ing be based on a sequential lobing system. This leads 
to use of waveguide geometries having lower symmetry 
than that required by a conical scanner. 


EVALUATION OF WAVEGUIDE APERTURES 
CONTAINING FERRITES 


We have studied the shift in the beam maxima of the 
far-field radiation patterns as a function of applied 
magnetic fields at ferrite-loaded apertures for three 
configurations. 


* Manuscript teceived by PGMTT, September 5, 1957; revised 
manuscript received, October 8, 1957. ; ; 

+ Convair, Div. General Dynamics Corp., San Diego, Calif. 

1 Proceedings of Third Symposium on Scanning Antennas, Naval 
Res. Lab., Washington, D. C.; April, 1952. : 

2 Record of the Georgia Tech-SCEL Symposium on Scanning An- 
tennas, Georgia Inst. Tech., Atlanta, Ga.; December 18-19, 1956. 

3D. J. Angelakos and M. M. Korman, “Radiation from ferrite- 
filled apertures,” Proc. IRE, vol. 44, pp. 1463-1468; October, 1956. 

4M. S. Wheeler, “Nonmechanical beam steering by scattering 
from ferrites,” this issue, p. 38. 
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Fig. 1—Comparison of beam swing, 0m, and waveguide characteristics 
for ferrite-filled rectangular guide. 


The original geometry of Angelakos and Korman? 
[Fig. 4(a)] was studied for a ferrite sample $ inch thick 
(General Ceramics R-1) at a frequency of 9375 mc. 
Ultrasonic cutting techniques were used for shaping 
these and subsequent ferrite slabs for precise fit in the 
waveguide apertures. Beam lobing in the H plane up to 
+ 30° for 60° beamwidths was observed. Fig. 1 (top 
curve) represents the shift in beam maximum, On,° as a 


5 Beam maximum position is defined as the average of the angular 
coordinates of the 3-db points. 
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function of applied field, H.. This curve is in general 
agreement with the results of Angelakos and Korman 
for this thickness and frequency. It is shown here only 
for the interesting correlation with the two lower curves 
of Fig. 1. These are plots of relative insertion phase, 
Ay, and insertion loss, AP, for the identical ferrite 
sample in nonradiating waveguide. They were obtained 
by use of microwave interferometer techniques pre- 
viously applied to investigation of dielectric constant. 
Significant changes in AP, Aw occur for those regions 
of applied field producing large beam swings. This tech- 
nique has been utilized to determine regions of ap- 
preciable beam shift for other thicknesses, frequencies, 
and ferrite materials without recourse to extensive 
measurement on the antenna pattern range. In addi- 
tion, this observed correlation between the curves of 
Fig. 1 appears to give some credence to the assumption 
that the field distributions at the aperture plane are ap- 
proximately those which, in principle, can be found from 
an analysis of the waveguide problem.®” (This analysis 
has yet to be carried out for a finite slab filling the guide 
cross section.) 

A second geometry investigated, also in rectangular 
X-band waveguide was that of the twin slab structure.*® 
A typical aperture is shown in Fig. 2 (a 24-inch square 
ground plane is omitted). With this configuration, beam 
shifts up to 15° in the vicinity of 1500 Gauss were ob- 
served. Several variations of this twin slab geometry 
were studied in detail; the most interesting was one in 


FERRITE SLABS 
(3/8’’ LONG, 0.1°’ THICK) 
| 


I STYROFOAM 
Ee SUPPORT 

| | 
x=0 x= 0.9" 


x= 0.221". x= 0.666" 


Fig. 2—Typical twin slab aperture. 


which the spacing of the slabs was only 0.2 inch, the 
slab thickness 0.05 inch. In this case, beam shift up to 
+35° with a corresponding loss in radiation amplitude 
of 1.08 db was observed in the neighborhood of 1600 
Gauss. In the case of the completely filled aperture, 
beam shifts of this order have a corresponding loss in 
radiation amplitude, of at least 5 db and ranging up to 
20 db and higher. 


Finally, in order to remove the limitation of beam 
lobing to a single plane, a square waveguide system 
shown in Fig. 3 has been devised. The square waveguide 


6D. B. Medved, Second Bimonthly P i 
RSR Project 1002; March 13, 180 ae ee 
. Tyras and G. Held, “Radiation from a Rectangular Wave- 

guide Filled with Ferrite,” URSI-IRE Joint Meeti issi 
May 24, 1987, Joint Meetings, Commission 

_§M.L. Kales, H. N. Chait, and N. G. Sakiotis, “A nonreciprocal 
microwave component,” J. Appl. Phys., vol. 24, p. 816; June, 1953. 
_ *B. Lax, K. J. Button, and L. M. Roth, “Ferrite phase shifters 
m eee wave guide,” J. Appl. Phys , vol. 25, p. 1413; Novem- 
er, : 
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is operated in either TEio or TEo modes as two in- 
dependent apertures.1° The direction of applied mag- 
netic field is synchronized with the appropriate probe 


Tuning Plunger 


TEy9 Suppressing 


Vane & Tuner 
TE, Probe 


Mode Isolation: 25 db 


Input VSWR for either Mode: 1:06 
Frequency: 9375 Mc. 


Ferrite Slab 
K 0.872" +} 


Fig. 3—Square waveguide use as a dual mode feed. 


excitation. Mode isolation of about 25 db is obtained 
with the geometry used.!! The ferrite slabs investigated 
do not introduce any observable additional cross-mode 
coupling. Beam shifts obtained with a single mode 


were analogous to those observed with the rectangular 
waveguide, although the details of the 6,,(H.) function 
are quite different. 


ELECTRICAL LOBING OF PENCIL BEAMS 


Phase and amplitude determinations of the various 


aperture electric field distributions have been obtained 
using a second modification of the microwave inter- 
ferometer.!? Ferrite-loaded rectangular and square 
waveguide apertures have subsequently been used as 
feeds for a Luneberg lens (see Fig. 5).1* The Luneberg 
lens is admirably suited for magnetic scanning since one 
is not concerned with an aperture blocking problem. 
The 3-db beamwidth with an 18-inch lens is 4.5°, A 
typical lobing pattern in the H plane obtained with this 
system is shown in Fig. 4 (deeper crossovers up to 3 db 
were obtained with the rectangular feed). In all cases, 
it was observed that as the squint angle increased, with 
consequently deeper crossovers, the sidelobe levels also 
increased. The patterns shown in Fig. 4 constitute a 
compromise between the opposing requirements of deep 
crossover and low side lobes. The side lobe increase is 
considered to be analogous to the coma lobes observed 
when one attempts large angle off-axis scan of parab- 
oloid reflectors. 


A continuous scan in the H plane has been observed 


with the monitoring equipment of Fig. 5. Rectangular 


waveguide was used as the feed for a 12-inch Luneberg. 


10D. Levine and W. Sichak, “Dual-mode horn feed for micro- 


wave multiplexing,” Electronics, vol. 27, p. 162; September, 1954. 


4 This could be considerably improved by using a tee arrange- 
2D. B. Medved, “An Electronic Scan Usi i i 
eee Seer Rep. pelted pp. 19-21: May Ouce ee 

. Brown, icrowave Lenses,” Meth C 
Eng.) pp. 86-89; 1953, Sone On Genders 
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Fig. 4—Beam lobing patterns: 18-inch Luneberg lens fed 
by square waveguide. 
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Fig. 5—Method for generation and detection 
of electronic scan. 
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Sine wave currents corresponding in peak value to 
H, = 1600 Gauss were passed through the electromagnet 
coils at 60 or 400 cycles. The resulting pattern is thus 
sector-scanned in the H plane at the 60 or 400 cycle 
rate. An error signal effect is simulated by offsetting 
the receiver from the line-of-sight axis to the transmit- 
ter. The detected signal is amplified, filtered, and dis- 
played on an oscilloscope. Maximum signal was ob- 
served at an 8° offset angle. 


SEQUENTIAL LOBING WITH SQUARE WAVEGUIDE 


A proposed sequential lobing system using ferrite 
filled square waveguide as a feed for a Luneberg lens is 
illustrated in Fig. 6. The square waveguide is operated 
essentially as two independent sources for TEx and 
TE, modes. The circles represent positions of beam 
maxima with appropriate rf E-field polarization indi- 
cated by the dashed arrows. Signals detected by the 
TE: probe (beams 1 and 3) would be fed into an azi- 
muth information channel, whereas tilt coordinate in- 


Medved: An Electric Scan Using a Ferrite Aperture Luneberg Lens System 
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Fig. 6—Sequential lobing using square 
waveguide aperture. 


formation is supplied by the crossover of beams 2 and 4. 
In the lower part of the figure, the time variation of 
electromagnet current necessary to produce the desired 
lobing sequence is plotted; e.g., current in the coils 
labeled U-D with rf field corresponding to TEio pro- 
duces a shift of the beam to the right or left in the 
azimuth plane, depending on the magnetic field direc- 
tion. 

The polarization sensitivity of the method may seem 
to present a serious limitation to use of this method. 
Consider for example, the reflected signal from a wing 
surface parallel to the E field of the TE mode. In- 
formation on the azimuth coordinates cannot be ob- 
tained under these conditions. However, if one considers 
the equivalent situation for conical scan, neither azi- 
muth nor tilt coordinates can be obtained in the case 
that the nutating beam is polarized perpendicular to 
the wing. The difference in the two systems may be 
paraphrased by a choice of being at least half informed 
all the time or not informed at all some of the time con- 
cerning the target coordinates. 
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Round Table Discussion 
on 


Design Limitations of Microwave Ferrite Devices 


May 10 with a round table discussion on Design 

Limitations of Microwave Ferrite Devices. This 
discussion was moderated by Professor C. L. Hogan of 
Harvard University, and the panel members were Drs. 
jmOwArtman, 114 )) Carling Ds Ue Fresh, Gas. teller, 
Re Ge leCraw, HH: Seidel/sand P. Hy Vartamam Ihe 
topics considered appropriate for discussion were: 1) 
high-power effects (nonlinearity), 2) low-frequency 
limits, 3) high-frequency limits, 4) anomalous propaga- 
tion in ferrite loaded waveguides, 5) below-saturation 
behavior of ferrites, 6) “fast” ferrite devices (depending 
on relaxation time), 7) bandwidth problems, 8) mate- 
rials and losses, and 9) high-speed magnetic field prob- 
lems. An edited version of the recorded discussion is 
published on the following pages. 

Dr. C. L. Hogan: Gentlemen, we now come to the 
close of a most interesting two-day session on the pres- 
ent state of the art in microwave ferrite devices. In this 
closing session I have with me on the platform seven 
experts in this field who have come prepared to discuss 
the various aspects of this subject and to answer, as 
well as they are able, any questions which you might 
like to put to them. (Seven panel members introduced 
to audience.) 

Dr. B. Lax (M.I.T. Lincoln Laboratory): What are 
some of the low-frequency limitations of garnets as 
compared with ferrites? 

Dr. Hogan: I believe that some of the potentialities 
of the yttrium garnet material at the low microwave 
frequencies are evident from Mr. Rodrigue’s talk yes- 
terday. The fundamental low-frequency limit of any 
nonreciprocal microwave ferrite device is related to the 
“width” of the ferromagnetic resonance line. To be sure, 
there are several practical low-frequency problems in 
addition to the problem of obtaining narrower resonance 
lines, but assuming for the moment that these problems 
can be solved, we find that the ultimate low-frequency 
limit is set by the line width of the material. In fact, one 
can easily calculate the highest front to back ratio that 
can be obtained in an isolator using a particular mate- 
rial from the line width of the material and the fre- 
quency of operation of the isolator. For a given material, 
the theoretical reverse to forward ratio of an isolator 
decreases as the frequency decreases. These calculations 
show that a line width less than 50 oersteds is required 
if a 10-db isolation per 1-db insertion loss is desired at 
approximately 200 mc. Thus, the yttrium garnet ma- 
terial promises to extend the low-frequency limit mate- 
rially. 


F | YHE 1957 Annual PGMTT Meeting concluded on 


However, this narrow line creates a problem in itself. 
Suhl’s theory of nonlinear effects in ferrites indicates 
that the narrower the resonance line, the lower the 
power level at which nonlinearities set in. Hence, even 
though garnets promise to make possible the extension 
of the low-frequency limit down to a few hundred mega- 
cycles, there will be many problems associated with their 
use at high power levels, and one will not have as much 
freedom in the choice of biasing magnetic fields and 
geometries as one has at higher frequencies with fer-— 
rites. 

Dr. P.H. Vartanian Jr. (Microwave Engineering Lab- 
oratories): I think it should be pointed out that, ex- 
cluding several of the broader line width materials, the 
garnet materials, as discussed in Mr. Rodrigue’s paper, 
have, for the most part, saturation moments which are 
comparable to those exhibited by ferrites. For example, 
yttrium garnet has a saturation magnetization of ap- 
proximately 1670 Gauss at room temperature. It is well 
known from considerations of Kittel’s equation that 
certain geometries, such as longitudinally magnetized 
rods, cannot be used at low frequencies at or below 
ferromagnetic resonance unless the saturation moment 
of the ferrite is reduced. Consequently, geometry re- 
mains as one of the practical low-frequency problems. 
For example, a Faraday rotator using a rod of yttrium 
garnet cannot be made to operate below ferromagnetic 
resonance in L band. | think that low-frequency appli- 
cations of garnets as well as ferrites will be limited for 
the most part to transversely magnetized slab geome- 
try. 

Dr. J. O. Artman (Harvard University): I would like 
to add that the low-field loss phenomenon is always 
present in these magnitudes of fields. Off-hand, I pre- 
sume that the results will be pretty much the same in 
garnets as in ferrites and this ultimately will set a lower 
frequency limit in some kinds of devices. 

Dr. Hogan: There is no reason why the saturation 
moment, and perhaps even the line width of a poly- 
crystalline garnet, cannot be controlled by chemical 
methods in the same way as it is done in ferrites by 
adding aluminum and cobalt, as reported by Mr. Pippin 
yesterday. 

Dr. G. S. Heller (M.I.T. Lincoln Laboratory): [ 
would like to make another comment on this. The fer- 
rite which I described, having a large back to front 
ratio at 1300 mc, had a saturation moment of 1160 
Gauss and this is certainly not very low. In designing 
a resonance isolator the geometry helps you. Since a 
very thin flat slab can raise the ferromagnetic resonant 
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frequency very substantially and minimize low-field 
losses, it might not be too essential in some applications 
to get the saturation moment down to very low values. 

Dr. Artman: If I may make one additional comment, 
one very nice thing about garnets is that the degree of 
valence is unambiguous; the ions are trivalent, and pre- 
sumably, some of the other loss mechanisms that may 
exist in ferrites can not occur in the garnets. 

Dr. Howard Scharfman (Raytheon Manufacturing 
Co.): Is it necessary to use very low anisotropy ferrites 
with such structures? As Dr. Heller pointed out, good 
_ performance in resonance isolators is possible at low 
frequencies by using high saturation magnetization fer- 
rites with anisotropy fields of a few hundred oersteds. 

Dr. Hogan: The yttrium garnet probably has a lower 
anisotropy than any ferrite except those that have 
Curie temperatures around room temperature. Yester- 
day Mr. Rodrigue pointed out that by using a mixture 
of holmium yttrium garnet, it is theoretically possible 
to get a zero anisotropy material. How well this will be 
realized rests upon experimental evidence. 

T. N. Anderson (Airtron, Inc.): What is the lowest 
practical frequency limit for devices that has been 
reached so far using conventional ferrite materials? 

Dr. Heller: Well, the best I have heard done is the 
S-band circulator made at Sperry, operating above res- 
onance. I don’t quite know what you mean by existing 
ferrites, but I believe this was an aluminate which has 
a low saturation moment. This isolator was built to 
* work above resonance to get out of the zero field loss 
region and, of course, it makes the structure quite long, 
which likely increases the insertion loss. If one of the 
gentlemen from Sperry is here, perhaps he can answer 
ie 

B. J. Duncan (Sperry Gyroscope Co.): In relation to 
this device, I will have to speak in complete generalities 
because it is classified by the military. I was quite inter- 
ested, however, that the news got around so fast. lam 
somewhat inclined to take issue with the statement that 
it has to be very long. As far as the physical structure 
of the Sperry circulator is concerned, it’s not a par- 
ticularly short device, but if one considers the operating 
frequency it’s not appreciably longer than a similar 
type X-band circulator operating below resonance. We 
did a little work with dielectrics to improve nonrecipro- 
cal phase shift, both per unit length and per unit loss, 
over that attainable with ferrites alone. The techniques 
utilized are similar to those described earlier by M. T. 
Weiss of Bell Labs. I think that about all I can say 
about its design features is that it is a device designed 
to operate above resonance. Undoubtedly everyone here 
knows that it is a high-power device, and that it has 
operated successfully over a moderate bandwidth in the 
S-band region. 

Dr. E. Wantuch (Airtron, Inc.): I have tried to op- 
erate differential phase shift circulators below resonance 
and the lowest frequency that J have been able to de- 
sign so far is around 5000 mc (C band). It operates 
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below resonance and the geometry was optimized ac- 
cording to some of the comments made a few minutes 
ago. As far as resonance isolators are concerned, we 
have to separate them into high- and low-power. For 
military equipment in the low-frequency region, it goes 
without saying that most of these applications operate 
at fairly high power. You probably have all seen the 
picture that Ben Lax presented of Airtron’s 10-inch 
long S-band resonance isolator capable of operation at 
the highest available S-band power, about 5 megw peak 
and 4000 watts average. I know that some of the people 
at Raytheon have been doing work on an L-band iso- 
lator and I think we should get Howard Scharfman up 
here to see whether he cares to say anything about it. 

Dr. Scharfman: This is prerelease information, but 
it is true that Raytheon has successfully built an L-band 
isolator with a 10 to 1 back to front ratio. The unit 
handles peak power in excess of 1 megw and has a power 
absorption capability in excess of 300 watts average. 
These are minimum figures and I am sure the unit can 
handle more. Detailed specifications will be released very 
soon. 

Dr. Wantuch: We have also worked on coaxial iso- 
lators with the help of Microwave Engineering Labs. 
and have successfully made coaxial isolators down to 
1800 mc. These are not what you might call extremely 
high-power devices, but I think they would probably 
compare in power handling capabilities with the 1300- 
mc isolator that G. S. Heller has described. 

Dr. Lax: A discussion on the nonlinear effects ap- 
pears to be in order. In particular, I would be interested 
in hearing from Dr. Seidel on how such effects would 
influence his anomalous propagation where he claims 
there are high concentrations of electromagnetic fields. 

Dr. H. Seidel (Bell Telephone Laboratories): As I 
indicated yesterday, we have examined some of these 
interference phenomena with respect to the application 
of high power and we certainly were able to disturb 
the appearance of these interferences significantly with 
rather small magnitudes of “high” power. I hope no one 
will object to my ambiguous choice of words, but I 
believe that the major point to Dr. Lax’s question is 
that in these modes practically all the energy density 
of the guide is essentially bound to a surface with a con- 
sequent large enhancement of the magnetic field there. 
One finds, in fact, that the higher these modes are in 
mode number the more the tendency to confine the wave 
to the surface and, therefore, the greater the tendency 
for loss. Hence this leads to the statements I made 
earlier, that one can drive a ferrite, however “lossless,” 
into an arbitrarily high state of loss. 

The same mechanisms which drive the ferrite into this 
very high magnetic field state are obviously the same 
mechanisms which can induce the high power effects; 
and we have observed them. However, since these 
waves are so highly bound at the surface, there is a ques- 
tion of how far the high-power phenomenon will propa- 
gate transversely within the ferrite beyond this very 
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high density region. So far I don’t have any information 
about this, although it would be rather interesting to 
determine whether these very highly concentrated fields 
can possibly nucleate high-power effects into the interior 
of the ferrite at powers lower than those for which they 
occur ordinarily. 

Dr. R. C. LeCraw (Diamond Ordnance Fuze Labora- 
tories): I would like to ask one of the members of the 
panel a question. I was under the impression that one of 
the possible advantages of the type of isolator you have 
been suggesting is that, in contrast with displacement 
isolators utilizing a resistance strip, the power would 
be dissipated within the entire volume of the ferrite 
rather than in a small thin strip. But did you not indi- 
cate that this is a surface phenomenon and that all the 
power dissipation would take place on the surface of the 
ferrite? 

Dr. Seidel: Power dissipation does occur on the sur- 
face; however, one can get these propagations in arbi- 
trarily small guide so that there need not be much more 
ferrite than just the surface. I believe that the ferrite 
can be made sufficiently small to produce these effects. 
There isn’t too much of a heat transmission problem, I 
believe, because of the finite manner in which the energy 
is bound to a surface. It will have considerably higher 
power dissipation than a very thin film, but I am not 
sure just how much power one should actually attempt 
to dissipate. 

Dr. H. J. Carlin (Polytechnic Institute of Brooklyn): 
I would like to ask whether it had been definitely estab- 
lished that some of this anomalous propagation could 
not be described by a complete set of TE and/or TM 
modes, that is, an ordinary mode description, and 
whether it was necessary to assume that this anomalous 
type of surface mode was necessary? 

Dr. Seidel: I would say that these anomalous modes 
are part of a complete set and not an admixture of an- 
other part of a complete set. These modes will propa- 
gate under conditions where no other modes can propa- 
gate and one can ascribe propagation constants to 
these field distributions which are real. Since real propa- 
gation constants cannot be obtained from an admixture 
of cutoff modes, we must conclude that these anomalous 
modes are a linearly independent portion of a complete 
Set. 

Dr. Lax: There is one thing that disturbs me about 
this type of propagation. You are talking about it when 
the field is adjusted for resonance. I presume that, when 
you were talking about these high reverse-to-forward 
ratios due to bridging effects, you were on resonance. 

Dr. Seidel: These are nonresonant effects which 
operate at relatively low fields, and these are not inter- 
ference phenomena. They differ from the bridging 
phenomenon Crowe alluded to yesterday. 

Dr. Lax: Nevertheless, one does obtain a large loss 
factor at these particular frequencies. 

Dr. Seidel: We have built various types of “paradox 
isolators” (I guess that’s as good a name for them as 
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any, I was even thinking of using the name “Laxadox 
isolators”) and actually we get fairly low losses in one 
direction and rather wide rejection of nominally large 
values in the opposed direction, essentially without re- 
flection. I would like to elaborate, just for a moment, on 
what I feel might be the primary advantage of such de- 
vices. Resonance isolators, field displacement isolators, 
or the type of isolators that Bill Crowe talked about 
yesterday, depend on balancing techniques or circuit 
resonance. These are effects which can only be stimu- 
lated over a narrow band. The field displacement iso- 
lator is a device operating over a limited band where 
the field is essentially excluded from a dissipative medi- 
um. Faraday devices operating dispersively would tend 
to act this way too. The virtue of the sort of isolator 
which you have introduced in paradox form, Dr. Lax, 
is that the isolation occurs in principle over a very broad 
range, whereas transmission over this range is not re-| 
stricted. I believe, therefore, that we may possibly be 
able to build relatively broad-band devices based on 
this sort of phenomenon, as opposed to the type of iso- 
lator which one builds on the other effects, namely 
operating on a balance which is theoretically perfect 
at only one frequency. 

We have built some rather striking isolators based on 
these phenomena, although these are as yet not nearly 
as wideband or as lossless as I would hope. I feel that 
these structures represent not so much of an anomaly 
as a rather interesting and practical sort of mechanism 
for construction. 

Dr. Vartanian: I wonder if Dr. Seidel would care to 
comment on the relationship between this anomalous 
propagation and the spinwave modes described by Suhl 
and Walker. Is there some kind of relationship between 
these two phenomena? 

Dr. Seidel: It’s unfair to call them the Suhl and 
Walker modes because in this particular area Suhl ob- 
tained one set of spinwave modes, Walker obtained 
another, and I believe I have obtained still another. 
Suhl involved himself with spinwave modes which 
relate to the exchange system and these are of extremely 
high wave numbers. I do not believe that the sort of 
modes which we get in the anomalous propagation re- 
lates to them. These modes may have wave numbers of 
the order of a micron wave length, which are of the 
order of crystallite dimensions and, therefore of the 
order of many thousands of lattice constants. On the 
other hand, the Suhl type of mode actually gets down 
to just the order of several lattice constants and it is of 
entirely different nature. Walker’s modes I believe are 
somewhat similar to my own, except, that he treats them 
in a localized region. He shows that there are transverse- 
ly propagating modes within a disk or sphere or some 
limited geometry. The modes I have referred to as 
“anomalous modes” are somewhat reminiscent of 
Walker’s, but relate to a cylindrical waveguide distribu- 
tion. Mechanisms dealt with are similar; Walker and I 
both employ only the dipolar features associated with 
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the ferrite and do not consider its exchange. 

Dr. R. F. Soohoo (Cascade Research Corp.): If we 
assume both the waveguide and ferrite to be lossless, 
would the anomalous mode still have loss in it? Do you 
still have energy dissipated, and if so, where does the 
energy go? 

Dr. Seidel: Technically,every medium must have some 
loss on an atomic level of description. In the treatments 
generally considered, an idealization is made of the 
medium to a continuum with a precessional character 
represented by the Polder tensor. Maxwell’s equations 

‘ are thermodynamically correct and there is no violation 
of thermodynamics within this framework of description 
of the medium in assigning a zero value to the damping 
parameter. I assume that the question asked relates 
to energy absorption in such a hypothetical medium. 
This type of absorption relates in turn to the Lax 
anomaly discussed earlier in which energy absorption 
might appear to occur in such an idealized dissipation- 
less medium. 

In answer to this question I feel that the “anomalous” 
modes represent a mechanism of energy loss in such a 
medium. We define a lossless medium to be a limiting 
case for one whose resonance line width approaches zero. 
Choosing any line width, however narrow, one may then 
always choose a mode of wave number of order greater 
than the reciprocal of the line width which absorbs 
energy from the medium. Essentially this implies that, 
however small the damping parameter, one may always 
find waves sufficiently slow to absorb energy. This de- 
scription, however, fails when the wave numbers be- 
come atomistic, since they have no meaning within this 
sort of a description. 

Philip Johnson (Signal Engineering Laboratories): 
During this conference there has been no discussion 
about the barium oxide type of magnet, in fact there 
hasn’t been much since M. T. Weiss’ paper of a few 
years ago. I was wondering if you think there is much 
hope for the barium oxide type device today? 

Dr. Hogan: In the first place, it appears that all of 
the ferroxoplanar materials including Ferroxdure have 
been neglected by microwave engineers. Perhaps this is 

due to the fact that up to now there has not been great 

emphasis on the need for devices which operate at the 
extremely high frequencies where these materials will 
be most useful. There is no doubt that these materials 
offer unique advantages at the very high frequencies 
where very large magnetic fields are necessary to bias a 
ferrite to resonance. As a single crystal or as an oriented 
polycrystal, the high anisotropy fields in these materials 
can be used to materially reduce the applied field neces- 
sary for resonance. Since the family of ferroxoplanar 
materials promise to give us materials in which the 
anisotropy field can be controlled over wide limits, it 
appears that these materials will have a distinct ad- 
vantage over the usual ferrites for most frequencies 
above K band. In addition, the limited data that has 
been taken on these materials indicate they can be pre- 
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pared with extremely low dielectric loss. 

Dr. Vartanian: I might add something to this. I be- 
lieve that the Dutch at Phillips Research Laboratories 
are doing a considerable amount of work on this ferroxo- 
planar material, and about two months ago they were 
going to begin measuring its properties at microwave 
frequencies. I haven’t heard anything since, however. 
Another interesting property of these materials seems to 
be that they will maintain a high permeability, which 
remains flat as a function of frequency all the way out 
to something like, say, 1200 mc. Typica! values of per- 
meability might be around 10 or so. 

Dr. Artman: Another interesting thing about these 
materials (which may not have practical use) is that 
under certain simplified conditions in single crystals 
below magnetic saturation, the material is a gyrotropic 
resonator in a plane, but just a linear resonator in the 
third direction at a different frequency from that for 
gyrotropic resonance. 

Leonard Swern (Sperry Gyroscope Co.): I would like 
to direct the panel’s attention to fast switching type 
ferrite devices. I am wondering whether anybody can 
talk about, let’s say, devices in the megacycle switching 
rate region, perhaps single-sideband modulators, and 
what material developments are required to really ex- 
tend that region. 

Dr. LeCraw: The subject of fast ferrite switching is an 
interesting area in which a lot of ferrite materials de- 
velopment needs to be done. I’m afraid, though, that 
your question is so broad I don’t know where to start. 
For some of you who may not be aware of it, ferrite 
microwave switches have been made which can operate 
as fast as 5 musec switching time from an ON to an OFF 
state or vice versa. This limit was the limit of our view- 
ing system. The actual limiting ferrite switching time is 
probably of the order of the spin-spin relaxation time, 
which is approximately 1 mysec. But from this value 
all the way through the microsecond range, which you 
mentioned, there is a whole series of design problems. 
We have found that ferrites intrinsically can handle 
speeds as fast as 5 mysec. From this speed range to 
much slower speeds one should know whether he is 
forced to use transverse fields or longitudinal fields, or 
whether he has a heavy duty cycle or low duty cycle, 
in order to discuss the design limitations. 

I would like to say one thing further about materials 
development in connection with high-speed ferrite 
switching. I am speaking now of microwave switching 
and not of computers. One of the biggest problems is 
finding a ferrite which has good characteristics both 
at microwaves and over the frequency spectrum of the 
rise time that you are talking about. I believe very little 
has been done in this respect because most microwave 
design engineers are so concerned about insertion loss 
that they are unwilling to tolerate an extra db of inser- 
tion loss in order to obtain a ferrite with much lower 
hysteresis loss, for example, to minimize the area under 
one pulsing cycle. 
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John H. Rowen (Bell Telephone Laboratories): A 
switch designed at our laboratories is amenable to fast 
switching applications, but we were using it to switch a 
microwave relay where a millisecond was fast enough. 
I should point out that the same principle of operation 
was used in LeCraw’s switch even earlier. LeCraw 
added a number of details which make it possible to 
produce a very fast switch. Both switches make use of 
an interference effect such that the current required 
to turn the switch off has a very broad characteristic. 
The switch is initially turned off, say with 100 ma of 
solenoid current, and stays turned off until it exceeds 
several hundred milliamperes. The virtue of this is that 
one can choose a steady-state value of current way up 
on the characteristic, and very early in the rising portion 
of the current cycle the switch will go into the OFF posi- 
tion. In this way you can get perhaps a factor of ten 
in improvement in switching time; 7.e., ten times the 
limiting speed of switching the ferrite itself. LeCraw 
achieved this sort of dependence in his switch through 
the use of irises. J. A. Weiss, through the use of different 
kinds of irises, has produced the same effect in a way 
that can lead also to a reasonably broad-band switch, 
for example, a switch which would operate over a band 
of 200 or 300 mc out of 6000 mc. However, as I said, 
we haven't carried out any extensive experiments on 
fast switching devices. 

Dr. Vartanian: There is one rather basic problem to 
any high repetition rate ferrite switching scheme in 
which the direction of the magnetization is reversed or in 
which the ferrite is allowed to become unsaturated. This 
is that the hysteresis losses can cause a significant rise 
in the ferrite temperature which in turn can significantly 
degrade the switching characteristics. Consequently, it 
would seem desirable to operate high duty cycle 
switches with the ferrite remaining normally saturated, 
and let the switch operate as a result of a change in 
Hf rather than M. 

Dr. Soohoo: I would like to say just a word about 
fast switching. Since the switching time or the speed 
at which it is switched depends among other things on 
the eddy currents, it seems that we have to concern 
ourselves with nearby metallic objects as well as the 
ferrite itself. For example, iron has resistivity of 10-5 
ohm-cm while ferrite has resistivity of 10° or so, which 
is 14 orders of magnitude higher. It seems to me the 
speed would be limited more by the waveguide and the 
winding nearby, for example, rather than by the in- 
trinsic properties of the ferrite itself. 

Dr. Wantuch: I won’t go into any details here for 
fairly obvious reasons but we have designed ferrite 
switches as tr tube replacements. We have been able 
to switch in a tenth of a microsecond and the total 
power required for switching at several-hundred-kc 
rate has been about 10 watts average. 

Dr. LeCraw: I would like to say a word about Dr. 
Soohoo’s question. For very high-speed switches where 
you have to worry about skin depths and penetrations 


of waveguide, etc., we have had considerable success in 
putting the coil inside the waveguide very close to the 
ferrite, in fact within 1/16 of an inch of the ferrite, with- 
out appreciably perturbing the microwave fields. This 
is very advantageous from a pulse design standpoint 
and can appreciably diminish the effects of the wave- 
guide walls and eddy currents. 

Dr. Soohoo: We have built the Cacheris single-side- 
band modulator and found that a metallic coating on 
the inside of the waveguide substantially limits the 
field requirement. For instance, we found that a very 
bulky magnet was required for a A,-band modulator. 

John C. Cacheris (Diamond Ordnance Fuze Labora- 
tories): We have designed several reflection type single- 
sideband modulators that shift the frequency of X-band 
signals by 20 kc using a magnetic field, rotating trans- 
verse to a ferrite differential half-wave section. With 
thin coatings of either cadmium or nickel plating we 
have minimized eddy current losses in the waveguide 
so that the rotating magnetic field is not appreciably 
attenuated. We have found that the ferrite, and its 
geometry, are the most important factors in obtaining 
the 180-degree differential-phase-shift with as low a 
value of magnetic field as possible, so that the modulat- 
ing power is not too large. At X-band frequencies, the 
200-oersted magnetic field can be rotated at 10 kc by 
applying approximately 18 watts in each pair of coils. 
At K, band the magnetic field required will be larger, 
since the differential-phase-shift decreases with increas- 
ing frequency and the modulating power will be larger. 
The eddy current losses do not depend upon the micro- 
wave frequency. They depend upon the value of the 
magnetic field and should account for the same fraction 
of modulating power. 

Dr. Seidel: I should like to ask Dr. Carlin a question. 
There are many types of representation of ferrite struc- 
tures which are all equivalent. For instance, Tellegen 
represents the nonreciprocal character of the ferrite 
through a gyrator type of description. Haus has a non- 
reciprocal element, a four pole cascade element. Cir- 
culators are employed in describing ideal networks too. 
If you desire to describe a ferrite network through a 
minimum number of elements, what do you consider 
are the canonical elements for such a description? 

Dr. Carlin: There are many circuit representations 
for linear nonreciprocal structures. For example, just 
recently, at the 1957 IRE National Convention, Mason 
presented another basic nonreciprocal element and there 
have been many others. So far as I know the only com- 
plete treatment of general linear nonreciprocal passive 
circuits in canonical configuration (i.e, a treatment 
which shows that given any physically possible system 
it will always be possible to form an equivalent circuit 
out of preassigned building blocks) has been done in 
terms of usual reciprocal elements and the gyrator. 
With that as a basis, any other element you want to 
take as a building block to represent nonreciprocity 
must be shown capable of suitable combinations to form 
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the equivalent of a gyrator. As to which building block 
is most convenient, and gives the best equivalent cir- 
cuits, I don’t think I would know the answer to that. I 
would imagine that you would have to adapt your 
equivalent circuit representations to the problem at 
hand. In some instances current and voltage controlled 
sources might be most useful (these are active, however). 
In other instances a “gain-producing” black box has 
been used. The gyrator however has the theoretical 
advantage of being purely passive, and I may reiterate 
that any passive linear system may be represented in 
’ terms of gyrators and conventional bilateral elements. 

Dr. Seidel: Could you go into just a little more detail 
on Mason’s equivalent circuit? 

Dr. Carlin: I heard Mason discuss the so-called 
gyristor at the IRE 1957 National Convention and, 
maybe I won’t do justice to him, but it was something 
like this. Any nonreciprocal circuit can evidence non- 
reciprocity if it’s at least a two-port, as it must have an 
input and an output. For this reason no nonreciprocal 
element is needed to represent a one-port. However, 
Mason uses what appears to be a one-port for his non- 
reciprocal building block. This two-terminal device 
works as follows. If it has a voltage V4 (terminals 1 to 
2). the current J,4 (1 to 2) isaV4. If the same voltage 
is impressed from 2 to 1, the current from 2 to 1 is not 
I4 but —Jy,. If you visualize a ground terminal as 
terminal 3, it is easy to see that with respect to voltages 
to this ground reference the device has an admittance 
matrix VYy=— Yo=a, VYi2=— Yon=a. Thus this ele- 
ment is actually a nonreciprocal three-terminal two- 
port. Furthermore, it is not passive and can be repre- 
sented as a gyrator shunted by a positive and negative 
resistor at its input and output, respectively. 

Dr. Artman: I might mention that from a physical 
point of view it’s immediately intuitive that you should 
have a two-port system. If you have an ordinary type of 
linear oscillator there is only one direction. Here some- 
thing else happens in another (a perpendicular) direc- 
tion, and really everything automatically follows from 
that. 

Mr. Cacheris: What are the limitations of a single 
crystal as compared to polycrystalline materials when 
used in devices with regard to switching time, losses, 
etc.? 

Dr. Hogan: The question, if I understand it correctly, 
is, “What are the potentialities and limitations of single 
crystal materials as compared to polycrystalline ma- 
terials for various microwave devices?” Often in the 
past, single crystals sounded very promising for many 
types of microwave devices and I know of some develop- 
ment work being done where single crystal ferrites were 
used in several devices. Usually, however, the designer 
finally ended up using polycrystalline material, not only 
because it was cheaper and more reproducible, but 
because the polycrystalline material could be made with 
most of the desired properties and there seemed to be 

little reason to press for better materials. 
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However, many of the newer devices recently pro- 
posed (7.e., harmonic generators, Suhl’s amplifier, micro- 
wave detectors, and passive limiters) appear to be really 
practical only with the very narrowest resonance line 
width materials available and so it does seem that in 
the future single crystal ferrites and garnets will have 
more engineering importance than they have had up 
to the present. Before they can be used, however, it 
appears that much work will need to be done on methods 
of preparing the single crystal material. In most of these 
devices we need larger, more homogeneous crystals 
than are usually available today. 

We really can’t say much else in comparison except 
as a conjecture, since there is little data on single crystal 
material. Usually single crystal ferrites have much 
higher dielectric loss than polycrystalline ferrites, but 
this need not always be the case if we can learn to grow 
single crystals with the proper oxygen stoichiometry. 
Probably the magnetization in a single crystal can never 
be switched as fast as it can be in some of the specially 
prepared polycrystalline materials. 

Dr. D. L. Fresh (Trans-Tech, Inc.): The potential 
need of large single crystals presents a serious problem 
to workers in the materials field. Whereas polycrystalline 
ferrites can be prepared utilizing standard ceramic 
methods of compacting oxide mixtures and kiln firing, 
single crystal preparation requires tedious and time- 
consuming techniques, which often involve elaborate 
equipment. The two techniques which have been in- 
vestigated most extensively are precipitation from a 
melt and Verneuil’s method. In the precipitation meth- 
od the oxide constituents are combined with a flux and 
the mixture is melted by heating. Upon very slow cool- 
ing, crystals precipitate from the melt. Galt at Bell 
Telephone Laboratories used a method employing a flux 
of borax to prepare crystals of nickel ferrite and zinc- 
manganese ferrite. Garnet single crystals have been 
prepared by this method using lead monoxide as a flux. 
The main disadvantage to the precipitation method is 
the small size of the product, which is usually not more 
than several millimeters on an edge. A second disad- 
vantage is the possibility of inclusion of impurities from 
the flux. Verneuil’s method offers a means for growing 
larger single crystals. Here the oxide mixture is shaken 
into the flame of an oxygen-hydrogen torch. The mix- 
ture is sintered into a cone which collects on a refractory 
pedestal. The top of the cone melts and the pedestal 
is lowered gradually as the melted material builds up 
and in this way a crystalline boule is formed. Due to the 
high temperatures required in this method, it is very 
difficult to establish stoichiometry from the standpoint 
of oxygen content and, in some instances, metal content 
too, if volatile metallic constituents are involved. Such 
nonstoichiometry generally leads to a useless product be- 
cause of a high dielectric loss. Verneuil’s method has 
been employed in preparing the spinel type of ferrite, 
such as magnesium ferrite, but I am not aware of any 
work that has been done using this method on the gar- 
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nets. Such an effort might prove fruitful since the garnet 
crystal does not contain divalent metallic ions and 
therefore would be less susceptible to nonstiochiometry. 
If the need for large single crystals materializes, the two 
methods just discussed, as well as other methods such 
as zone melting and vapor deposition, should be thor- 
oughly investigated. As Dr. Hogan remarked, there is 
definitely a lot to learn about growing single crystals 
before they will become available. I strongly endorse 
this sentiment. 

Dr. Artman: I would like to make one additional 
comment, leaving aside the very difficult problems con- 
cerned with procuring these crystals. The analysis of 
many of these devices being discussed would be much 
more difficult because the specification of the properties 
of the medium would be somewhat more complicated 
due to the single crystal properties (which are in a sense 
averaged out when you speak about polycrystals). If I 
may, i would like to ask a question on another subject. 
Since the advent some years ago of ridged waveguide 
why, at least to my limited knowledge, have no isolators 
or other components been developed using this type of 
waveguide? 

Dr. Wantuch: I would say that for ridge guide isola- 
tors you have some of the same problems you have 
without ridges. There is always the average power that 
you have to handle and I think there is nothing really 
different about ridged waveguide. I know we have made 
isolators covering 40 per cent or more in bandwidth 
with the same kind of ratios you have in ordinary rec- 
tangular waveguide configurations. 

Dr. A. L. Aden (Sylvania Elec. Prod.): Sylvania has 
built isolators of several types using ridged waveguide. 
Using dielectric loaded ridged guide we have built iso- 
lators covering a bandwidth ot 2 to 1. I think the reason 
that ridged waveguide is not used more commonly at the 
present time, however, is that the bandwidths currently 
achievable in rectangular waveguide structures are 
adequate to meet the needs of most systems applications. 
For example, Sylvania has built isolators with a band- 
width of 1.5 to 1 in dielectric loaded rectangular wave- 
guide in all frequency bands from S through X band. 
In addition, recent, and as yet unpublished, work at 
the Sylvania Microwave Physics Laboratory has shown 
that with proper dielectric loading the bandwidth of a 
rectangular waveguide can be increased by a factor of 
approximately 1.7 over its empty waveguide bandwidth. 

Dr. Seidel: I would like to ask a question of Dr. Le- 
Craw. I know that both he and John Rowen have ob- 
served negative values of K’’. Would he comment on 
its significance? 

Dr. LeCraw: Let me say one thing first about K 
itself, the off-diagonal component of the permeability 
tensor. Some people take K as an intrinsically negative 
number and others take it as a positive number. This 
has caused some confusion as to whether the anomaly is 
a negative K” or a positive K’’. But either way the 
change of sign of K” is the essential anomaly. There is 
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no contradiction at all as far as absorbed power is con- 
cerned in the change of sign of K”’. It is easy to show by 
integrating the power dissipated in a ferrite that K” 
can have either sign. But u’”” cannot have either sign; it 
must be positive. As far as K”’ changing sign, an im- 
portant thing about this is that below saturation the p 
and K are spatial averages of quantities which only 
have “point” meaning down inside a crystallite. Slides 
are often shown of w and K, but below saturation these 
quantities don’t have quite the same meaning as they 
do above saturation. The K” changing sign means that 
the average of K’’ over all the crystallites in the sample 
changes sign. These averages, of course, are the experi- 
mental quantities which are measured in any perturba- 
tion experiment. But it is a rather interesting effect in 
that below saturation the anti-Larmor sense of circular 
polarization is in general absorbed to a greater extent 
than the Larmor sense of polarization. Incidentally, | 
the change in sign of K’”’ below saturation is an intrinsic 
loss property of the ferrite and should not be confused 
with the widely discussed energy concentration effects 
in the experiments of A. G. Fox of the Bell Telephone 
Laboratories. The situation reverses above saturation 
and everything is normal from then on out to arbitrarily 
large dc fields. The explanation of the effect is rather 
involved, and I hope it has been explained satisfactorily 
in an article which I have written recently. The effect 
should be very useful as a probe for studying domain 
structure and magnetization processes in ferrites. 

Dr. Artman: I would like to make one slight com- 
ment; I think it’s a little bit unfair to single out K” as 
such. Again, going back to the basic model, the ferrite 
is a gyroscope and when you consider loss you have to 
consider gyroscopic precession. If you have some kind 
of a linear drive you have to, at least visually, break 
up the drive appropriately into two gyroscopic drives. 
True, on a glib basis some of these uw’ and K’’ may drop 
out or something like that, depending upon the circum- 
stances, but I think it would be best to keep, or try 
and keep, the physical picture in mind. 

E. Schlomann (Raytheon Manufacturing Co.): I 
wonder if somebody could comment on the relative 
advantages and disadvantages of the new garnet ampli- 
fier and the solid-state maser. 

Dr. H. E. D. Scovil (Bell Telephone Laboratories): 
At the moment both devices would appear to be quite 
expensive amplifiers per se, and it would seem that per- 
haps the main virtue of them would be what we hope is 
a low noise figure. At the present time the noise figures 
have not been measured. 

There is good theoretical reason to believe that a two- 
state maser has low noise. Perhaps one should be some- 
what more cautious with regard to the three-level solid- 
state device in so far as the large pumping power may 
mix in noise from some unknown nonlinearities. The 
ferrite device being essentially a reactive amplifier at 
first sight also has low noise; on the other hand there 
appears to be perhaps even a stronger possibility of mix- 
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ing in additional noise. We must await the noise meas- 
urements. 

The ferrite device is capable of higher output powers 
than the maser and operates at room temperature. At 
the present stage the solid-state masers are low tempera- 
ture devices. 

Mr. Anderson: Could we get some suggestions for 
nomenclatures for these devices, three-level maser, two- 
level maser, the ferrite or garnet amplifier, so that may- 
be we could start using a common name? 

Dr. Scovil: I believe the term “maser” should be re- 

stricted to devices utilizing a population inversion or 
negative temperature and that the various masers 
should be differentiated perhaps by a prefix indicating 
their method of operation; e.g., ammonia beam maser, 
two-level maser, three-level maser, etc. 

I think that the christening of the ferrite device is 
best left to Drs. Suhl and Weiss who have produced 
it. It does not fall in the category of negative tempera- 
ture devices. 

Dr. R. W. Damon (General Electric Co.): The prin- 
cipal reason for the great interest in resonance ampli- 
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fication devices lies in their potentiality as low noise 
amplifiers. Usually the term “noise” refers only to a 
fluctuating output observed in the absence of a signal, 
but, under some conditions, random variations in am- 
plifier gain also should be considered. In this respect, 
the ferromagnetic amplifier might be at some disadvan- 
tage compared to the three-level paramagnetic device. 
The paramagnetic amplifier uses the driving oscillator 
only to create a saturation condition for a pair of energy 
levels. If the driving power is sufficiently large, fluctua- 
tions in the driving level have little effect on the degree 
of saturation and the gain is thus independent of small 
variations in driving power. The ferromagnetic ampli- 
fier, on the other hand, operates as a negative resistance 
device, obtained by driving a nonlinear reactance with 
power level above a certain instability threshold, and 
fluctuations in power level of the driving source will 
lead to fluctuations in gain. 

Dr. Hogan: Well I have just been informed that in 
about 3 minutes the lights in this auditorium will be 
turned out, so | suggest we start on our way. 


tions by the Isometric Circle 
Method* 


The isometric circle method is a graphical 
method of transforming a complex quantity 
by the linear fractional transformation. It 
has recently been applied to impedance 
transformations through bilateral two-port 
networks.! The purpose of this note is to 
show the connection between the isometric 
circle method and another graphical method 
called the “triangular” method, and also to 
present a useful formula for reflection- 
coefficient transformations through bilateral, 
lossless two-port networks. 

The triangular method is described in 
an unpublished paper by Mason.? In this 
method it is assumed that one pair of corre- 
sponding values Za—Z.’ is known for the 
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where, for a fixed frequency, a, b, ¢, and d 
are complex constants. The values Z’=0; 
=a/c for Z=~, and Z’=~ for Z=O¢= 
—d/c¢ are known also. For an arbitrary 
impedance Z, the transformed impedance 
Z' is constructed by drawing the similar 
triangles 0Z.Z and 0,Z’Z,' in the complex 
impedance plane. See Fig. 1, The connection 
between the triangular method and the 
isometric circle method is shown in Fig. 1. 
In Fig. 1, the different operations of the 
isometric circle method (marked by arrows) 
are indicated by the points Z, Z2, and 2’, 
and the angle —2 arg (a+d) is denoted by 
0. 

Impedance transformations through bi- 
lateral, lossless two-port networks can be 
performed by the equation 


# aZ + jb” 
~ je"Z +d’ 


where a’=Re a, b’’=Im 3}, c’=Im ¢, and 
d’=Re d. Expressed in reflection coefficients, 


7 


ad’ + bc" = 1; (2) 


Fig. 1—Connection between the triangular 
method and the isometric circle method. 


(2) takes the form 
AY + C* 
Cr+ A* 
where 
A = (a’ +.d’)/2 — 46" + 6"")/2 
C = (a — d’)/2 —j(6" —c")/2. (4) 


A star indicates a complex conjugate 
quantity. 


1 )AlP C= Ta) 
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We can write (3) in the form 
T’ cosh yei*a + sinh pei% 
~ [sinh pee + cosh pea 
where ¥, ¢a, and ¢, can easily be expressed 
in Gl, WW", EM, exacl ol ; 
The isometric circles of (5) are given by 


U 


(5) 


Og = — coth Oe) 
O; = coth ei ae) \, (6) 
R= 1/|smhy| | 


Eq. (5) has recently been used as a basis for 
an elementary study of impedance trans- 
formations through bilateral, lossless two- 
port networks. A somewhat more compli- 
cated study of the same type of network has 
been performed by means of non-Euclidean 
hyperbolic geometry in the two-dimensional 
Cayley-Klein diagram.‘ Similarly, bilateral, 
lossy two-port networks have been studied 
by means of the Cayley-Klein model of the 
three-dimensional hyperbolic space’. 
E. FOLKE BOLINDER 
Res. Lab. of Electronics 
Mass. Inst. Tech. 
Cambridge, Mass. 


3E. F. Bolinder, “Some applications of the iso- 
metric circle method to impedance transformations 
through lossless two-port networks,” presented at the 
URSI-USA meeting in Washington, D. C.; May 22- 
25; 1957, and Acia Polytech., Elec. Eng. Ser., to be 
published. 
4 


. “Graphical methods for transforming 
impedances through lossless networks by the Cayley- 
Klein diagram,” Acta Polytech., Elec, Eng. Ser., vol. 7, 
no. 202; 1956. 

5 . “Impedance transformations by exten- 
sion of the isometric circle method to the three- 
dimensional hyperbolic space,” J. Math. Phys., vol. 
36, pp. 49-61; April, 1957. 


On the Pressure Dependence of 
Microwave Crystal Rectifiers* 


During the past couple of years, as a result 
of government interest, silicon microwave 
crystal rectifiers have not only decreased 
their noise figures but also have increased 
their resistance to adverse environments; 
z.é., high burnout, high temperature, exces- 
sive humidity. 

However, recent requirements have in- 
dicated a need for microwave crystal 
rectifiers which operate at low pressures; 
z.e., high altitudes. Unfortunately, while 
there is no obvious reason to suspect any 
serious pressure dependence of any of the 
crystal parameters, there have been no 
quantitative operating measurements made 
as far as can be determined, except for the 


* Received by the PGMTT, October 14, 1957. 
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fact that radars do work in airplanes. 

Therefore, in order that the current 
silicon microwave crystal rectifiers be char- 
acterized in so far as low pressure is con- 
cerned, a measurement of all the crystal 
parameters was performed in a reduced 
atmosphere. 

All crystal measurements were made on 
a special test set which enables one to 
measure all the crystal parameters, primar- 
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The crystal mixer (holder) was placed 
in a bell jar which could be evacuated by a 
nearby fore-pump. The reduced pressure 
was measured with the aid of an attached, 
calibrated altimeter. The crystal was ini- 
tially measured in this holder at normal 
conditions; measured at the desired pressure, 
and remeasured at the standard (initial) 
conditions. The results of the measurements 
are shown in Table I. 


TABLE I 


RESULTS OF MEASUREMENTS OF MICROWAVE CRYSTAL RECTIFIERS AT STANDARD AND REDUCED PRESSURES 
INITIAL READINGS—STANDARD PRESSURE 


Rectified | Conversion Noise IF Overall Nowe 
Number noe Current Loss Temperature | Impedance VSWR rans {db} 
COTS (ma) (db) (times) (ohms) approx. 
il 760 1.44 4.6 13: 342 G7} 8.6 
15 1.28 4.9 ies: 361 139) 8.4 
760 1.30 4.7 LS, 362 1.41 8.4 
2 760 1.37 4.5 12 350 1.23 8.0 
15 1333 4.6 2 359 1.28 8.2 
760 133 4.6 ie 359 1.28 8.0 
3 760 1.30 4.7 1.4 397 12h 9.1 
15 1.30 4.7 1.4 399 1.22 9.0 
760 1-30) 47 1.4 400 22 9.0 
4 760 1.42 4.4 Yee 352 5 Ue Ib | Fine) 
15 1.39 4.5 ib 74 356 1.16 8.0 
760 isa) 4.5 2 S50 1.16 7.8 
5 760 1.44 4.5 {73 329 L319 8.2 
15 1.44 4.6 13 331 1.19 8.2 
760 1.44 4.5 i3 332 1.20 8.0 
6 760 1.18 5.2 ag) 370 1.20 9.3 
15 1.16 525 ies 375 1.20 Wis) 
760 galt} St 1.3 374 1.20 9.0 
7 760 1.18 5.5 is 343 1.35 10.2 
15 1.14 6.0 LES: 346 1.36 10.2 
760 ii 336 25 344 1.34 9.9 
8 760 i2 5.4 yee" 345 1.46 9.9 
15 12 Sie! 1.6 349 1.47 10.1 
760 gli 5.5 1.6 347 1.46 9.9 
9 760 iL) ro) i-3 353 1.22 9.3 
15 ii} 5.6 GS) 357 122 9.3 
760 eh? 5.6 Une! 357 123 oN 
10 760 0.99 Seyi LS 425 1.36 10.1 
15 1.00 5.8 1.5 424 Lese 10.2 
760 0.99 5.8 1.5 426 1.37 10.1 


ily at the test frequency of 9375 mc under 
the established JAN conditions.! The con- 
version loss was measured by the usual 
modulation method. The noise temperature 
(ratio) was measured by comparing the 
noise power output of the crystal under test 
with the noise power output of a (equivalent) 
resistor. The vswr was measured with the 
standard slotted section, and the IF im- 
pedance by the use of an ac wheatstone- 
bridge type circuit operating at 1000 cps. 
The over-all noise figure of each crystal was 
measured by inserting a known amount of 
excess noise into the crystal at the signal 
frequency (9375 mc+30 mc) and determin- 
ing the increase in output power. 


1 See 1N23C, E or WE Specifications issued b 
USASESA, Fort Monmouth, N.J.; also see Sorter 
and Whitmer, “Crystal Rectifiers,” McGraw-Hill 
Book Co., Inc., New York, N. Y., ch. 9; 1948. 
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Table I shows that the crystal parameters 
were found to be essentially constant under 
reduced pressure and at standard pressure 
after the test when compared with initial 
measurements. Therefore, one can conclude 
that under the stated conditions (i.e., 
MIL-E-1-C, JAN 1N23C, E or WE) up to 
an atmosphere of 85,000 feet (15 mm Hg) 
the cartridge type, JAN, silicon microwave 
crystal rectifiers show little or no degrada- 
tion in performance due to a reduced pres- 
sure environment. 

Acknowledgment should be given to 
W. Dworzak and G. E. Hambleton for 
assistance in setting up the test equipment, 
and to G. Hall for performing the measure- 
ments. 

WESLEY G. MaTTHEI 
U. S. Army Signal Eng. Labs. 
Fort Monmouth, N. J. 
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1957 ANNUAL PGMTT MeEkgtTING 


The Annual PGMTT Meeting was held May 9-10 in 
New York, N. Y., at the Western Union Auditorium. 
Three hundred and six attended the outstanding pro- 
gram. Twenty-three technical papers were given, three 
of which had been invited. 

Unusually keen interest in microwave ferrites, as evi- 
denced by the incredible rate of research and develop- 
ment accomplished during the relatively short time 
ferrites have been in existence, was noted in the papers. 

Highlighting the Annual Meeting was a Round Table 
Discussion on the design limitations of microwave fer- 
rite devices. During the well-attended Annual Dinner 
it was announced that Dr. Robin I. Primich had been 
awarded the Microwave Prize. The technical papers 
and Round Table Discussion are featured in this issue. 


PGMTT members at the Annual Dinner were (left to right): Dr. A. A. 
Oliner, Jack A. Moore, Dr. Eugene Fubini, W. L. Pritchard, Dr. Seymour 
B. Cohn, Dr. P, H. Vartanian, and Leonard Swern. 


< 


The Annual PGMTT Meeting was organized by T. N. Anderson (left) and opening 
remarks were made by W. L. Pritchard (right), Vice-Chairman, PGMTT Adminis- 
trative Committee. 


Another Dinner group included (left to right): Leo B. Silber, Dr. Samuel 
Weisbaum, Patricia Loth, Dr. Kiyo Tomiyasu, and Theodore S. Saad. 


i i ign Limitations of Microwave Ferrite Devices were (left to right): Drs. D. L. Fresh, J. O. Artman, 
Papel oem a2 roupe eee tt verre C. ae riogen Moderator, H. Seidel, R. C. Le Craw, and H. J. Carlin. 
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CALL FOR PAPERS FOR 1958 PGMTT NATIONAL SYMPOSIUM 


Stanford University, Stanford, Calif., will be the 
scene on May 5-7 of the 1958 Symposium, spon- 
sored by the National PGMTT with the San 
Francisco Section of the IRE acting as host. Dr. 
Arthur L. Aden is the Symposium Chairman. 

Prospective authors have been invited to submit 
papers in the fields of microwave physics and ap- 
plications, microwave components, and microwave 
theory and techniques, prior to January 15th, to 
Dr. Kiyo Tomiyasu, Chairman, Technical Pro- 
gram Committee, 601 California Avenue, Palo 
Alto, Calif. 

Six invited papers will be presented: 


“Solid State Microwave Amplifiers,” 
Hubert Heffner, Stanford University 
“Microwave Properties of Gas Discharges,” 
Prof. Sanborn C. Brown, M.I.T. 

“At the Frontiers in Radio Astronomy,” Dr. 
Harold I. Ewen, Ewen-Knight Corp. 

“The Present State of the Millimeter Wave 
Generation and Technique Art,” Prof. Paul 
D. Coleman, University of Illinois 
“Applications of the Nonlinear Properties of 
Ferromagnetic Resonance,” Prof. C. Lester 
Hogan, Harvard University 

“Design Considerations for High Power Micro- 
wave Filters,” Dr. Seymour B. Cohn, Stan- 
ford Research Institute. 


Prof. 


The technical sessions will be led by William 
W. Mumford, Bell Telephone Labs.; Samuel 
Sensiper, Hughes Aircraft Co.; John R. Whinnery, 
University of California; Theodore S. Saad, Sage 
Labs.; Donald D. King, Electronic Communica- 
tions; and Tore N. Anderson, Airtron. 

The Microwave Prize for the best paper pub- 


lished in these TRANSACTIONS will be announced at 


- the banquet to be held on May 6th, 


STEERING COMMITTEE 


A. L. Aden, Chairman, Sylvania Microwave Phys- 
ics Lab. 

T. N. Anderson, Airtron 

S. B. Cohn, Stanford Research Institute 

W. A. Edson, General Electric Microwave Lab. 

H. Heffner, Stanford University 

P. D. Lacy, Hewlett-Packard Co. 


a 


J. L. Melchor, Microwave Engineering Labs. 
T. Moreno, Varian Associates 

W. H. Thon, Sylvania Microwave Tube Lab. 
K. Tomiyasu, General Electric Microwave Lab. 
J. R. Whinnery, University of California 


SYMPOSIUM COMMITTEE 


A. L. Aden, Chairman 

K. Tomiyasu, Chairman, Technical Program Com- 
mittee 

T. Moreno, Chairman, Finance Committee 

H. Schroeder, Chairman, Local Arrangements 
Committee, Sylvania. Microwave Physics Lab. 

G. H. Keitel, Chairman, Publicity Committee, Gen- 
eral Electric Microwave Lab. 


TECHNICAL PROGRAM COMMITTEE 


K. Tomiyasu, Chairman 
SeBaCebn 
E. M. T. Jones, Stanford Research Institute 
PaDelacy 
H. J. Shaw, Stanford University 
P. H-. Vartanian, Jr., 
Labs. 
G. J. Wheeler, Sylvania Microwave Physics Lab. 


Microwave Engineering 


HOTELS AND MOTELS* 


Richeys Studio Inn, 4219 El Camino Real, Palo 
Alto 

Holiday Inn, 1984 El Camino Real, 
View 

Paso Del Norte Motel, 
Palo Alto 

Flamino Motel, 3398 El Camino Real, Palo Alto 

Palo Alto Travelodge, 3255 El Camino Real, Palo 
Alto 

El Rancho Palo Alto Motel, 3901 El Camino Real, 
Palo Alto > 

Algiers Motel, 
City 

Eldorado. Motel, 3305 El Camino Real, Palo Alto. 

Sky Ranch Motel, 4234 El Camino Real, Palo Alto 

Dinahs Motor Hotel, 4269 El Camino. Real, Palo 
Alto 

Presidents Hotel, University Avene and Cowper, 
Palo Alto . 


Mountain 


4238 El Camino Real, 


2610 El Camino Real, Redwood 


* To simplify the work of the Local Arrangements Com- 
mittee, no hotel or motel reservations will be made. 
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Dan I. Bolef was born in Philadelphia, 
Pa., on June 10, 1921. He was graduated 
from Pennsylvania State College with the 
degree of Bachelor of 
Science in physics in 
1946. He received the 
Doctor of Philosophy 
degree in physics from 
Columbia University, 
New York, N. Y., in 
1952. 

Dr. Bolef was in 
the Army from 1943 
to 1946. He was an 
instructor in physics 
in the Stevens Insti- 
tute of Technology, 
Hoboken, N. J., from 1949 to 1950; from 
1950 to 1953, he was an assistant professor 
of physics at The State University of New 
York Maritime College, Bronx, N. Y. 

At the present time Dr. Bolef is in the 
physics department, Westinghouse Research 
Laboratories, Pittsburgh, Pa. Dr. Bolef’s 
fields of interest are molecular beam studies 
of diatomic molecules, nuclear magnetic and 
nuclear quadrupole studies of solids, and 
electron paramagnetic resonance. 

He is a member of Sigma Xi and the 
American Physical Society. 


& 


D. I. BoLer 


*, 
? 


H. E. Bussey was born in Yankton, S. D., 
on September 14, 1917. He attended Yank- 
ton College and the George Washington 
University, | Wash- 
ington, D. C., receiv- 
ing from the latter 
the Bachelor of Arts 
degree in mathemat- 
ics in 1943, and the 
Master of Science de- 
gree in physics in 
1951. He continued 
his studies at the 
Universities of Mary- 
land and Colorado. 
His military service 
included the “A” 
meteorological course at the Massachusetts 
Institute of Technology, Cambridge, Mass., 
the radar-weather course at Seagirt, N. J., 
and duty as a weather engineering and a 
weather forecasting officer. 

In September, 1946, Mr. Bussey joined 
- the Central Radio Propagation Laboratory 
of the National Bureau of Standards, to do 
tropospheric propagation research. In 1951, 
he transferred to the Radio Standards 
Division of the same laboratory in the 
microwave dielectric and magnetic measure- 
ments project, and he has been project 
leader since 1956. 

He is a member of the American Physical 
_ Society, American Meteorological Society, 
RESA, Commission I of the International 
Scientific Radio Union, and Sigma Pi Sigma. 


H. E. Bussey 


George W. Catuna was bornin Waltham, 
Mass., on December 7, 1923. He attended 
public schools in Belmont, Mass. He was 
associated with radar 
and electronic com- 
puters during his 
service with the 
United States Army, 
from February, 1943, 
to February, 1946, 
and again from 
March, 1951, to De- 
cember, 1952. Since 
1952, he has been 
employed by the 
Lincoln Laboratory, 
M.1.T., Lexington, 
Mass:, wheie he now holds the position of 
engineering aide in the Solid State Spec- 
troscopy Group. Mr. Catuna is at present 
taking the electrical engineering course at 
the Lowell Institute of M.I.T. 


G. W. CaTuNA 
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Peter F. Chester was born in London, 
England, in 1929. He was graduated with 
the B.Sc. degree in physics from London 
University, London, 
England; he received 
the Ph.D. degree 
from that University 
in 1953. From 1953 
to 1954, he was a 
post-doctorate Fel- 
low with the National 
Research Council, 
Ottawa, Ontario, 
Canada. From 1954 
to the present time, 
Dr. Chester has been 
with the Low Tem- 
Westinghouse Research 


P. F. CHESTER 


perature Group, 
Laboratories. 

Dr. Chester’s fields of interest are low 
temperatures, superconductivity, high-pres- 
sure phenomena, acoustoelectric effects in 
semiconductors, and nuclear and electron 
spin resonance. 

Dr. Chester is a member of the Physical 
Society of London and the American Physi- 
cal Society. 
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Bobby J. Duncan (M’54) was born in 
Carrollton, Ga., on February 1, 1930. He 
received the B.S. degree in physics from 
Berry College, Rome, 
Ga., in 1950, and the 
M.S. degree in phys- 
ics from Emory Uni- 
versity, Atlanta, Ga., 
in 1951. While at 
Emory, he did re- 
search in microwave 
spectroscopy. He con- 
tinued research in 
this saine field while 
performing graduate 
work toward a doc- 


B. J. DUNCAN 


torate in physics at the University of Florida, 
Gainesville, Fla., until 1952, at which time 
he joined the Sperry Gyroscope Company 
as a project engineer. 

At Sperry he initially did research in 
applied microwave spectroscopy. Subse- 
quently, he was associated with research 
and development projects on microwave 
ferrites, special radar systems, radar coun- 
termeasures techniques, and obstacle avoid- 
ance equipment. More recently he has 
worked almost exclusively in the field of 
microwave ferrite research and components 
applications. At present, he is a senior 
engineer and group leader of the microwave 
ferrite research and advanced development 
group at the Clearwater, Fla., plant of the 
Microwave Electronics Division. 


Dominic A. Fleri was born in Brooklyn, 
N. Y., on November 8, 1931. He received 
the B.S. degree in physics from the Poly- 
technic Institute of 
Brooklyn, Brooklyn, 
N. Y., in 1953. He is 
currently attending 
evening sessions at 
New York Univer- 
sity, New York, 
N. Y., where he is 
completing the re- 
quirements for the 
M.S. degree in phys- 
ics. He joined the 
Sperry | Gyroscope 
Company in June, 
1953, but was called to active duty with the 
U. S. Army Signal Corps in February, 1954. 
During his two years of military service, he 
was assigned primarily as an electronics in- 
structor at the Signal School, Fort Mon- 
mouth, N. J. 

He returned to Sperry in January, 1956, 
and since then has been engaged in micro- 
wave ferrite investigations in the Applied 
Physics Section of the Microwave Elec- 
tronics Division, Great Neck, N. Y. 


D. A. FLERI 
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Ladislas Goldstein (SM’55-F’56) was 
born February 6, 1906, in Dombrad, Hun- 
gary. He received the B.S. degree in physics 
from the College of 
the City of Nagy- 
varad in 1924, and 
the M.S. degree in 
Paris, France, in 
1928. He was a fellow 
from 1929 to 1934, 
receiving the D.Sc. 
degree in nuclear 
physics in 1937. 

Dr. Goldstein was 
an assistant instruc- 
L. GOLDSTEIN tor in radium, in 

Paris, from 1934 to 
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1937: 1937-1940, a research associate anda 
fellow of the National Center Research of 
France; 1940-1941, a research associate at 
the Institute of Atomic Physics in Lyon; 
1942-1944, director of the laboratories at 
Canadian Radium and Uranium Corp.; 
1944-1945, a research worker with the Ad- 
miralty Research Laboratories in England, 
and 1945-1951, a research physicist with the 
Federal Telecommunication Laboratory. In 
1951, he became a professor of electrical en- 
gineering at the University of Illinois, Ur- 
bana, IIl. 

In April, 1956, he received the IRE Fel- 
low Award for his work in the field of micro- 
wave gaseous electronics. He has concen- 
trated his efforts in the field of nuclear 
physics. He has worked on the use of gas dis- 
charge phenomena in microwave physics, 
microwave propagation through media con- 
taining free electronics, infrared radiation 
detection, and the application of ionizing 
radiations of radioactive substances. 

Dr. Goldstein is a member of the Physt- 
cal Society. 


D. S. Heim (S’55) was born in Niles, 
Mich. on July 15, 1930. He received the 
degree of Bachelor of Science from the Uni- 
versity of Michigan, 
Ann Arbor, Mich., in 
1957, and at the pres- 
ent time Mr. Heim is 
employed by the Uni- 
versity of Michigan 
as a research assistant 
in the Electronic De- 
fense Group, where 
he is engaged in mi- 
crowave research. 

Mr. Heim is a 
member of the Amer- 
ican Physical Society. 


Gerald S. Heller was born on September 

5, 1920, in Detroit, Mich. He received the 
Bachelor of Science degree in physics in 
January, 1942, from 


Wayne University, 
Detroit, Mich. 
From 1942 to 


1945, he was a staff 
member of the Radia- 
tion Laboratory at 
Massachusetts Insti- 
tute of Technology. 
For one year during 
this period, he was a 
member of the Aus- 
tralian Group of the 
Radiation Labora- 
tory at the Radio Physics Laboratory in 
Sydney, Australia. 

After leaving M.I.T., he was a fellow 
in applied mathematics at Brown Univer- 
sity, where he received the Sc.M. degree in 
applied mathematics in 1946, and the Ph.D. 
degree in physics in 1948. Dr. Heller re- 
mained at Brown until 1954 as Assistant 


G. S. HELLER 
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Professor of physics and worked in theo- 
retical acoustics. 

Since 1954, he has been a member of the 
Microwave Section of the Solid-State Group 
at the Lincoln Laboratory, M.I.T. 


C. Lester Hogan (SM’54) was born on 
February 8, 1920, in Great Falls, Mont. 

In 1942, he received the B.S. degree from 
Montana State Col- 
lege; in 1947, the 
M.S. degree from 
Lehigh University, 
and in 1950, the 
Ph.D. degree in phys- 
ics. Harvard Uni- 
versity conferred an 
honorary M.A. de- 


gree upon him in 
1954. 
Following his grad- 


C. L. HoGan uation from Montana 

State College, Mr. 
Hogan became a research engineer with the 
Anaconda Copper Mining Company. From 
1943 to 1946, he served as a lieutenant (jg) 
with the U. S. Naval Reserve. 

Mr. Hogan became an instructor in 
physics at Lehigh University in 1947. He 
left that position in 1950 to join the technical 
staff at Bell Telephone Laboratories, and 
in 1953, he was named a subdepartment 
head. 

In 1954, he became associate professor 
of applied physics at Harvard University, 
Cambridge, Mass., and, in 1957, a Gordon 
McKay Professor of Applied Physics. 

His research interest is the application 
of ferrites and semiconductors to microwave 
transmission systems. 

He is a member of the American Physical 
Society, Sigma Xi, Phi Kappa Phi, and Tau 
Beta Pi. 


Benjamin Lax was born in Hungary on 
December 29, 1915. He received the B.M.E. 
degree from Cooper Union, New York, 
N. Y., in 1941 and 
the Ph.D. degree in 
physics from Massa- 
chusetts Institute of 
Technology, Cam- 
bridge, Mass., in 
1949, 

During World 
War II, he served 
with the U. S. Signal 
Corps and the Air 
Force; he was sta- 
tioned during 1944— 
1946 at the M.I.T. 
Radiation Laboratory carrying on radar 
development. 

In 1946, he became a radar consultant 
for the Sylvania Electric Products Company, 
Boston, Mags., and later that year joined 
the staff of the Air Force Cambridge Re- 
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search Center. At the same time, he enrolled 
as a graduate student in physics at M.1.T. 
He carried on research in microwave gas 
discharges until November, 1949, when he 
became a member of the Solid State Group 
at the Lincoln Laboratory and researched 
semiconductors and microwave aspects of 
ferrites. In May, 1953, he was appointed 
head of the Ferrites Group, which carried 
on research in the field of ferrites and semi- 
conductors at microwave frequencies. In 
July, 1955, he was named leader of the 
Solid State Group, which carries on funda- 
mental and applied work on semiconductors 
and ferrites. He became associate division 
head in charge of solid state research at 
Lincoln Laboratory in March, 1957. 

Dr. Lax is a Fellow of the American 
Physical Society and of Sigma Xi. 


David B. Medved (SM’56) was born 
February 21, 1926, in Philadelphia, Pa. 
Following service in the Navy from 1944 to 
1946, he attended the 
University of Penn- 
sylvania from which 
he received the B.A. 
degree in chemistry 
in 1949. From 1949 
to 1951 he was with 
the Research Divi- 
sion of Philco Corp., 
where he engaged in 
research on _ color 
centers, semiconduc- 
tors, and _ electron 
physics. He received 
the M.S. degree in physics from the Univer- 
sity of Pennsylvania in 1951 and the Ph.D. 
degree in physics in 1955. 

While at the University of Pennsylvania, 
he worked on hydrothermal crystal growth 
and photoconductivity and chemisorption 
in zinc oxide semiconductor. Dr. Medved 
joined Convair’s Radiation Systems Section 
in October, 1954 and has been engaged in 
research on microwave scanners, radomes, 
and solid-state devices. He presently is on 
the staff of the Physics Group at Convair. 

Dr. Medved is,a member of Sigma Xi 
and the American Physical Society. 
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Conrad E. Nelson (A’52) was born on 
December 4, 1927, on Long Island, N. Y. 
He received the B.S. degree in electrical] 
engineering from the 
University of Cali- 
fornia at Los Angeles 
in 1949. In 1952, Mr. 
Nelson was gradu- 
ated from the three- 
year Advanced Engi- 
neering program at 
the General Electric 
Company, Schenec- 
tady, N. Y., and con- 
tinued for three years 
C. E. NELSon at GE, Syracuse, 
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N. Y., doing advanced development of 
microwave components. Since 1955, Mr. 
Nelson has been in the Electronics Depart- 
ment of the Microwave Laboratory, Hughes 
Research Laboratories, Culver City, Calif. 

He has been a registered professional 
engineer in New York since 1955. 


2 
O 


John E. Pippin was born in Kinard, Fla., 
on October 7, 1927. He served in the U. S. 
Navy during 1945 and 1946, and entered 
Georgia Institute of 
Technology, Atlanta, 
Ga., in September, 
1946. He received the 
B.E.E. degree (Co- 
operative plan) in 
1951 and the Master 
of Science in Electri- 
cal Engineering de- 
gree in 1953, both 
from Georgia Tech. 
His undergraduate 
work periods were 
spent at the Western 
Electric Company in Burlington, N. C., and 
Radio Station WSB in Atlanta, Ga. While 
working for the Master’s degree (1951- 
1953), he worked as a research engineer at 
the Georgia Tech Experiment Station, with 
a group studying a fundamental problem 
in radar tracking. 

In 1953, Mr. Pippin entered Harvard 
University, where he is currently completing 
work for the Ph.D. degree in applied 
physics. He is a member of the magnetic 
materials group at Harvard, which is con- 
cerned with the microwave properties of 
ferrites, garnets, and other magnetic oxides. 

He is a member of Sigma Xi, Tau Beta 
Pi, and Eta Kappa Nu. 


J. E. PIPPIN 


Harold Rapaport (M’54—SM’56) was 
born in Pittsburgh, Pa., in 1922. He received 
the B.S. degree in physics in 1947 from the 
University of Pitts- 
burgh, Pittsburgh, 
Pa., and the M.E.E. 
degree from the Poly- 
technic Institute of 
Brooklyn, Brooklyn, 
N. Y., in 1956. 

From 1947 to 
1949, he was a grad- 
uate assistant and 
instructor in engi- 
neering physics and 
electrical measure- 
ments at the Univer- 
sity of Pittsburgh. His experience includes 
a year as an engineer with the Electronics 
Research Laboratory at the University of 
Pittsburgh where he worked on electron 
tube properties and devices, and_ several 
years as an engineer in the Tube Division 
of the Westinghouse Electric Corporation 
where he did research and development on 
high vacuum power tubes. 


H. RAPAPORT 


Contributors 


From 1952 to 1956 he was employed at 
the Microwave Research Institute, Poly- 
technic Institute of Brooklyn, as research 
associate and project engineer on research 
and development in microwave components 
and ferrite devices. In 1957, Mr. Rapaport 
joined the Surface Communications Systems 
Laboratory of the Radio Corporation of 
America where he is currently engaged in 
systems planning. 

Mr. Rapaport is a member of Sigma Xi. 
He was co-editor with M. Wind of the 
“Handbook of Microwave Measurements” 
and was on the Editorial Board of the 
“Handbook of Electronic Measurements.” 


G. P. Rodrigue was born on June 19, 
1931, in Paincourtville, La. He attended 
Southwestern Louisiana Institute in 1948- 
1949 and received the 
B.S. and M.S. degrees 
in physics from Lou- 
isiana State Univer- 
sity in 1952 and 1954, 
respectively. During 
the summer of 1954, 
he worked with the 
power transistor de- 
velopment group at 
Bell Telephone Lab- 
oratories. Since en- 
tering the Division 
of Engineering and 
Applied Physics at Harvard University in 
1954, he has worked towards the Ph.D. 
degree in applied physics on a Fellowship 
awarded by the Union Carbide and Carbon 
Corp., and is a member of the magnetic 
materials group investigating the microwave 
properties and applications of magnetic 
oxides. He held a teaching fellowship while 
a graduate student at both Louisiana State 
and Harvard Universities. 

Mr. Rodrigue is a member of Sigma Pi 
Sigma and an associate member of Sigma Xi. 


G. P. RODRIGUE 


% 


H. E. D. Scovil was born on July 25, 
1923, in Victoria, B. C., Canada. He received 
the Bachelor of Arts degree from the Uni- 
versity of British 
Columbia in 1948, 
the Master of Arts 
degree in 1949 from 
the same University, 
and the Doctor of 
Philosophy degree in 


1951 from Oxford 
University, Oxford, 
England. 


Mr. Scovil was 
a Nuffield Research 
Fellow at Oxford 
from 1951 to 1952. 
He worked as assistant professor at the Uni- 
versity of British Columbia from 1952 to 
1955. 


H. E. D. Scovit 
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For the past two years, he has been em- 
ployed as a member of the technical staff 
at Bell Telephone Laboratories, Murray 
Hill, N. J. Mr. Scovil’s work is concerned 
with solid-state devices. 


2, 
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C. B. Sharpe (S’46-A’52) was born in 
Windsor, Ont., Canada, on April 8, 1926. 
He attended Northwestern University, 

Evanston, Ill., and 
the University of 
Michigan, Ann Arbor, 
receiving the B.S. de- 
gree in electrical engi- 
neering from the lat- 
ter in 1947. He re- 
ceived the S.M. 
degree from Massa- 
chusetts Institute of 
¢ Technology, Cam- 
* bridge, Mass., in 1949 
and the Ph.D. de- 
gree from the Univer- 
sity of Michigan in 1953, both in electrical 
engineering. From 1953 to 1955, he served as 
assistant project officer in the guided missile 
branch of the U. S. Navy Bureau of Ord- 
nance and as a technical aide in the Office 
of Naval Research. 

Since returning to the University of 
Michigan in 1955, he has held the title of 
assistant professor of electrical engineering. 
As a faculty consultant at the Electronic 
Defense Group, he is presently doing micro- 
wave research in the field of solid-state 
devices. 

Mr. Sharpe is a member of Tau Beta Pi 
and Sigma Xi. 


C. B. SHARPE 


Leon A. Steinert was born in Shattuck, 
Okla., on May 2, 1930. He attended La Sierra 
College, Arlington, Calif., where he received 
the B.A. degree in 
physics in 1952. In 
1956, he received the 
M.S. degree in phys- 
ics from the Univer- 
sity of Colorado, 
Boulder, Colo. 

During most of 
1953, he was associ- 
ated with the Na- 
tional Bureau of 
Standards, Washing- 
ton, D. C., working 
in the Resistance 
Measurements Section. In September, 1953, 
he began graduate studies in physics and 
mathematics and served as a part time in- 
structor in physics at the University of 
Colorado. 

Since June, 1956, Mr. Steinert has been 
associated with the Microwave Physics 
Section of the National Bureau of Standards 
Laboratories, Boulder, Colo. He has been 
connected generally with dielectric and 
magnetic measurements and presently is 


L. A. STEINERT 
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engaged in the study of measurements of 
ferrite characteristics. 

Mr. Steinert is an associate member of 
RESA. 


2, 
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F. J. Tischer, for a biography and photo- 
graph please see page 77 of the January, 
1957, issue of these TRANSACTIONS. 
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Myron S. Wheeler (A’43—M’55) was born 
in Pittsburgh, Pa., in 1920. He received the 
B.S. degree from Pennsylvania State Uni- 
versity, University 
Park, Pa., in 1942 and 
the M.S. degree from 
Stevens Institute of 
Technology, Hobo- 
ken, N. J., in 1946. 
Since 1942, he has 
been with the West- 
inghouse Electric 
Corporation working 
on microwave tubes 
at the Bloomfield 
Lamp Division and 
on microwave cCir- 
cuits and antennas at the Air Arm Divi- 
sion. During the war, he was engaged in 
development work on fm, cw magnetrons, 


w : ae 


M. S. WHEELER 
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frequency reference cavities, and tr devices. 
More recently he has been in development 
work on radar antennas and other electro- 
mechanical devices. 

He has assisted the IRE on the Papers 
Review Committee and the Antennas and 
Waveguides Committee. Mr. Wheeler is a 
member of Sigma Tau and Eta Kappa Nu. 
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Walter L. Whirry (S’54-M’56) was born 
in McMinnville, Ore., on January 21, 1933. 
He received the Bachelor of Science degree 
in electrical engineer- 
ing in 1955 and the 
Master of Science de- 
gree in electrical engi- 
neering in 1956 from 
the California Insti- 
tute of Technology, 
Pasadena, Calif. 

From 1955 to 
1956, Mr. Whirry 
was employed as a 
teaching assistant at 
the California Insti- 
tute of Technology. 
Since June, 1956, he has been engaged in 
microwave component development as a 
member of the technical staff in the Micro- 


W. L. WuIRRY 


COS C775 


January 


wave Laboratory, Hughes Research Labora- 
tories, Culver City, Calif. 
Mr. Whirry is a member of Tau Beta Pi. 


\? 
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Werner P. Wolf was born in Vienna, 
Austria, on April 22, 1930. He received the 
B.A. degree in physics at Oxford University 
in 1951 and the M.A. 
and D.Phil. degrees 
in 1954. He contin- 
ued with research 
and teaching work at 
Oxford during 1955 
and 1956 and then 
spent a year at Har- 
vard University in 
the Division of Engi- 
neering and Applied 
Physics as a research 
fellow. He is cur- 
rently at Oxford Uni- 
versity on an I.C.I. Fellowship. Dr. Wolf’s 
research has dealt with the properties of 
paramagnetic salts at very low temperatures 
and their applications to cooling by adi- 
abatic demagnetization. He has also worked 
on the ferrimagnetic resonance of rare 
earth garnets and the theory of ferromag- 
netic anisotropy. 
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1958 


Region 1 
Binghamton 


Maslak, Michael 
Van Horn, J. F. 
Wheeler, N. D. 


Boston 


Abel, Fred 
Adams, G. J. 
Alexander, H. C. 
* Allen, D. C. 
Alter, R.S. 
Altman, J. L. 
Altshuler, E. E. 
Anderson, A. F. 
Angulo, C. M. 
Apsokardos, E. 
Arlinsky, M. L. 
Armstrong, D. G. 
Astulfi, S. O. 


Barrett, R. M. 
Bayliss, R. E. 
Beauregard, W. G. 
Benson, E. D. 
Bergmann, S. M. 
Bergstad, P. A. 
Bers, Abraham 


Blacksmith, Philipp, Jr. 


Blaisdell, Arthur 
Blanchard, R. L 
Bliss, Z. R. 
Bloom, L. J. 
Bloom, M. I. 
Bobroff, D. L. 
Borts, R. B. 
Bougas, A. C. 
Braden, R. S. 
Brady, M. M. 


Callaghan, E. P. 
Cannon, J. H. 
Carr KL. 


Child, ap Ww. 

Chow, Yutze 
Chu, Tse-Hou 
Clark, N. F. 
Cohen, Albert 
Colbourne, R. H. 
Cole, B. R. 
Collins, R. M. 
Crandell, P. A. 
Crowley, D. J., Jr. 
Cuming, W. R. 
Cunningham, J. E. 
Czarapata, A. H. 
Czeropski, W. P., Jr. 
Dandreta, William 
Danforth, W. C., Jr. 
Day, A. R. 
Devane, M. E. 
Dibiase, A. F. 
Dombrowski, G. E. 
Dominick, F. J. 
Duffy, J. M. 
Dunbar, E. E. 
Duncan, K. W. 
Duross, C. J. 
Edelberg, Seymour 
Eisenstadt, EB M. 
Eklund, A. 

Ewen, H. os 
Faflick, C. E. 
Faigen, I. M. 
Falconer, Stanley 
Fallows, E. M 
Fast, Saul 
Favaloro, C. J. 
Feldman, Baye 


Fitzgerald, W. D. 
Fock, H. W. 
Foss, D. W. 
Francis, E. A. 
Fricker, S. J. 
Friis, R. W. 
Fritsch, P. C. 
From, W. H. 
Fulton, D. A. 
Galagan, Steven 
Galejs, Janis 
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Gildea, T. L. 
Glynn, J. J. 
Goldberg, H. B. 
Goldman, E. M. 
Goldstein, Irving 
Graham, J. S 
Graham, J. W. 
Gregory, J. G. 
Gregory, Nicholas 
Gronroos, Eino 
Gunn, K. CoC. 
Haddad, S. G. 
Hades, Eugene 
Hall, ws 
Hall, Ww. M. 
Hamilton, B.A, Jr 
Hammond, G. H. 
Hardsog, H. N. 
Harkless, L. B. 
arti. Jat 
Haus, H. A. 
Hecht, B. P. 
Heins, Harold 
Hellenbrand, C. M. 
D. 


Howe, S. E. 

Huang, Chaang 
Ironfield, Richard: jn 
J acobson, RE. 
James, G. E. 

Jayne, A. W. 
Jenkinson, J. V. 
Johnson, S. L. 
Karazia, RR. J. 
Karplus, Edward 
Kasparian, G. D., Jr. 
Kay, A. F. 

Kazules, A. J. 
Keane, L. M. 

Keren, David 

Kim, 


Kostriza, J. A. 
Krulee, R. L. 
Lanciani, D. A. 
Land, H.R. 
Peneehe. M. J. 
Leake, B. W. 

Lehr, C. G. 

Lessin, Irving 
Lester, D. R. 

Lewis, F. D. 

Lieber, Morris 
Lippincott, Southard 
Loewenthal, Morton 
Long, R 

Lucas, E. J 


MacEwan, ‘Alexander, Tr. 


Mack, R.A 

Mack, R. B. 
Manahan, J. F. 
Mann, A. M. 
Margolin, M. C. 
Martin, J. E. 
Mayer, Alex 
McCarthy, D. J. 
McCormack, R. L. 
McCoubrey,~A. O. 
McCoy, A. M.., Jr. 
McGeoch, C. R., Jr. 
McLeod, W. W., Jr. 
Mennella, R. A. 
Mercer, W. R. 
Meyer, M. A. 
Michelson, Max 
Miller, S. J. 
Mingins, C. R. 
Moats, R. R. 
Mohr, M. C. 
Monell, F. B. 
Morgenthaler, F. R. 


Osepchuk, J. M. 
Paananen, R. A. 
Packert, D. E. 
Parke, N. G., III 
Pascalar, H. G. 
Pathe, J. F. 
Pease, M. C., III 
Pease, R. L. 
Peeler, G. D. M. 
Peters, J. D., Jr. 


Philips, C. M. 
Pippin, J. E. 
Plumb, D. R. 
Polachowski, B. A. 
Pollack, Dale 
Pomeroy, A, F. 
Botts be. 1 
Pritchard, W. L. 
Purdy, W. E. 
Querido, H. B. 
Ramsey, W. H. 
Rawlinson, P. E. 
Reed, John 
Reem, G. M., II 
Rey, T. J. 
Riblet, H. J. 
Ricardi, L. J. 
Richter, Edwin 
Riegelhaupt, N. H. 
Ripple, E. G. 
Rivers, R. A. 
Rizzi, P. A. 
Roat, W. F. 
Roberts, L. S. 
Rodman, A. K. 
Rodrigue, G. P. 
Roediger, F. E. 
Rojak, F. A. 
Rosato, F. J. 
Rotman, W. 
Row, R. V. 
Rubin, Samuel 
Rutledge, P. D. 
Ruze, John 
Ryan, J. W., Jr. 
Saad, DsS: 
Salzberg, Edward 
Scharfman, Howard 
Schmidt, R.A 


Schramm, M. Wee ie 


Schwab, W. C. 
Schwarzkopf, D. B. 
Segal, Sumner 
Serba, E. W. 
Shafer, C. G. 
Sheingold, L. S. 
Sheldon, D. L. 
Sherburne, A. E. 
Silverman, Elliot 
Simmons, A. J. 
Simon, D. H. 


Snay, R. J. 
Soderman, R. A. 
Soorsoorian, S. A. 
Sotiropoulos, Arthur 
Spencer, R. C. 
Stacey, J. M. 
Stanney, W. J. 
Stein, Seymour 
Stern, M. M. 
Stewart, R. F. 
Stockman, Harry 
Stone, M. L. 
Stratoti, A. R. 
Straus, T. M. 
Street, E. L. 


Teich, W. W. 
Tenenholtz, Robert 
Thomas, H. J., Jr. 
Thompson, E. D. 
Tucker, Nathaniel 


Vafidaes, B. C. 
Vant, L. M. 
Wade, C. E. 
Walker, R. M. 
Wall, R. B. 
Walsh, J. E. 
Walsh, W. P. 
Wang, S. C. 
Wantuch, Ernest 
Weiner, Gerald 
Westbrook, E. P. 
Whelpton, J. P. 
White, D. A. 
White, D. H. 
Willenbrock, F. K. 
Wing, Jack 
Wolfe, R. W. 


Wolfson, J. A. 
Woodward, J. H. 
Yee, T. G. 

Yoshida, Shinichiro 
Zettler, W. R. 
Zucker, F. J. 


Buffalo-Niagara 
Ayer, D. R. 
Bachman, C. G. 
Backard, M. J. 
Battnik, jac: 
Borkowski, C. J. 
Bouchard, J. G. F. 
Buranich, G. F. 
Butler) J. L; 
Clougherty, J. F. 
Earl, H. D. 
Fandl, R. F. 
Frost, A. D. 
Goulder, M, E. 
Horvath, J. O. 
Kell, R. E. 
Kellerman, R. E. 
Leonard, D. J. 
Lowe, W. R., Jr. 
Melvin, D. W. 
Michalski, Richard 
Misek, V. A. 
Newton, D. J., Jr. 
Nuckolls, R. G. 
Page, R. S. 
Pelton, F. M. 
Pothier, R. G. 
Price, E. L., Jr. 
Sarkees, Y. T. 
Schlichter, E. S. 
Smith, C. N. 
Snyder, W. W. 
Soares IDS Ais 
Stengel, C. J., Jr. 
Stone, A. P. 
Talbot, R. D. 
Wagner, R. W. 
Welch, D. P. 
Weller, D. B. 
Wenzel, J. H. 
Widmann, L, C. 
Wolf, E. H 


Connecticut Valley 


Andrews, W. J. 
Artuso, N. F. 
Barlow, Kenneth 
Bolus, J. J. 
Breden, W. W. 
Brown, C. A. 
Cutler, M. A. 
Dickon, A. J. 
Getsinger, W. J. 
Lamb, J. J. 
Landers, J. J 
Lovell, B. W. 
Mahar, T. F. 
Marchand, Nathan 
Merrill, John 
Migliaro, B. J. 
Ostendorf, Bernard 
Pannullo, F. T. 
Petrucelly, V. J. 
Pryor, W. L., Jr. 
Reich, H. J. 
Simko, R. S. 
Sontheimer, C. G. 
Stoker, W. C 
Thayer, D.C. 
Van Delft, R. N. 
Warner, E. J. 


Elmira-Corning 


Duhl, John E. 
Gerard, W. A. 
Guyer, E. M. 
Henry, A. B. 
Hostetler, C. L. 
Keeton, T. G. 
Larson, R. G. 
Lempert, Joseph 
Okress, E. C 
Upshaw, Vert 


Ithaca 


Bryant, N. H. 
Charton, P. W. 
Eastman, L. F. 
Ingalls, C. E. 
Kantor, Gideon 
Maresca, T. J. 
Matt, Sol 
Mayer, H. F. 
Shurer, Florian 
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Stanton, J. W. 
Surtes, M. J. 
Swana, J. J. 
iDravis, §. 8... 16: 


Rochester 


Baldwin, L. D. 
Chesna, John 
Edighoffer, E. A. 
Eisaman, Leo C. 
Evans, J. E. 
Gutzmer, R. F. 
Heit, J. C 
Jermyn, T. A. 
Mazel, L. G. 
Morrison, R. F., Jr. 
Ramos, A. S. 
Raymond, R. S. 
Schiff, Seymour 
Shalloway, A. M. 
Valmore, E. W. 


Rome-Utica 


Augustine, J. A. 
Baldridge, B. H. 
Chrestien, C. A. 
Cruickshank, J. E. 
DeMesme, T. A. 
Grimm, R. S. 
Handelsman, Morris 
Krull, D. M. 
Malowicki, Edward 
Miller, C. R 
Orear, E. R. 
Rodriguez, P. T. 
Romanelli, P. A. 
Scott, 2. C: 

Smith, S. L. 
Vaccaro, Joseph 
Vogelman, J. H. 
Ward, J. W. 
Warrick, A. C. 
Winn, O. H. 


Schenectady 


Anderson, J. M. 
Babits, V. A. 
Blume, A. E. 
Boyd, M. R. 
Branch, G. M., Jr. 
Bristol, T. R. 
Burkett, F. T. 
Cohoon, R. L. 
Curtiss ee 
Dehn, R. A. 
Elder, T. A. 
Feiker, S Ear 
Griffin, G. J., Jr. 
Grover, F. W. 
Harris, H. D. 
Johnson, R. E. 
Keenan, P. P. 
Matthews, E. W.., Jr. 
Maurer, J. W. 
Mayer, C. B. 
McNary, B. D. 
Miglore, Carmine 
Mihran, T. G. 
Newsom, W. L. 


ruax: Cole 
Turrentine, R. E. 
Vaughan, J. R. M 
Watson, R. P. 
Wilbur, D. A. 


Syracuse 


Anderson, A. F. 
Benfey, R. L. 
Biele, R. J. 
Caffrey, T. P. 
Carson, R. E. 
Cheng, D. K. 
Cohen, Arthur 
Conger, W. H. 
Cook, G. V. 
Cuccarese, E. A. 
Demaree, G. A. 
Doolittle, W. T., Jr. 


Eber, TO Jr. 
Evans, H. i 
Fitzmorris, S. R. 
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Gildersleeve, R. E. 
Grimm, H. H. 
Grisetti, R. S. 
Gruenberg, Harry 


Habermann, Rudolph, Jr. 


Healy, D. W.., Jr. 
Heidrich, A. J. 
Hesler, J. P. 

Hu, Ming-Kuei 
Hurley, D. T. 
Hwang, Y. C. 
Jacobs, G. B. 
Johnson, A. 
Kassler, Raymond 
Kenyon, S. 
Kinney, R. V. 
Kinsey, R. R. 
Kluender, E. C. 
Knox, R. L. 
Kuhn, D. H. 
Lambert, J. M. 
LePage, W. R. 
Leppanen, K. E. 
Linker, J. B., Jr. 
Manwarren, 48, iy 


Michalek, ALR. 
Mullen, E. B. 
Neelands, L. J. 
Nester, W. H. 
Place, J. F. 
Poppe, J. R. 
Rosen, Samuel 
Smith, D. L. 
Smith, Jack 
Smith, W. F., Jr. 
Strawn, R. K, 
Tessier, H. J. R. 
Totten, H. Q. 
Vahle, Julius 
Vandeven, D. W. 
Veley, H. N. 
Whistler, W. T. 
Williamson, J. C. 
Zeisler, M. D. 


Region 2 
Long Island 


Agree, Irvin 
Ahman, A. J. 
Albanese, V. J. 
Angevine, R. A. 
Arams, F. R. 
Arfin, Bernard 
Aronowitz, Leonard 
Auerbach, Martin 
Bachman, H. L. 
Badoyannis. G, M. 
Barash, L. F. 
Barry, A. C. 

Basil, Alexander 
Bauer, W. C 
Beamer, F. E. 
Becker, J. E. 
Berlly, Edward 
Bernstein, George 
Bertan, L. 

Biss, Rita- Ellen 1 
Blanco, M. G. 
Blass, j udd 
Bloom, G. M. 
Bogner, B. F. 
Bogner, R. D. 
Bourke, W. A. 
Breese, M. E. 
Brenner, Milton 
Briskin, H. B. 
Brounstein, Arnold 
Bruns, E 
Calatabianca, J. 1, 
Capellupo, F, V. 
Carter, P. S. 
Casper, Stuart 
Chaikin, Marvin 
Chang, W. H. K. 
Cheney, A. G. 
Chubb, Elliott 
Churchill, D. B 


Collins, Kenneth 
Cornes, R. W. 
Cortizas, A Aes 
Crosby, M. G. 
Dagavarian, H. O, 
D'Agostino, J. V. 
Damm, G. W. 

Daum, Alfred 


Dettinger, D. 
Devine, J. H., Jr. 
DiToro, M, J. 
Dobson, D. A. 
Dong, H. L. H. 
Dong, J. G. 
Dorato, P. E. 
Dorne, Arthur 
Doundoulakis, G. J. 


Eberle, E. E 
Eckert, G. F. 
Egan, W. G. 
Elefant, ee 
Engle, D. C. 
Ettenberg, Morris 
Farber, Herman 
Fisch, Jerome 
Fleming, P. L. 
Forker, L. W. 
Forster, E. W. 
Freed, Arthur 
Friedman, E. D. 
Fromm, W. E. 
Fubini, E. G. 
Fucci, Salvatore 
Gallagher, J. H. 
Gamble, J. H. 
Garretson, G. M. 
Gebhardt, J. W. 
Gethin, S. A. 
Glass, H. W. 
Goldberg, Julius 
Goldstein, Siegfried 
Goldstone, L. L. 
Goldstone, L. O. 
Gorelick, George 
Gould, R. V. 
Greenberg, D. R. 
Greene, J. C. 


Griemsmann, J. W. E. 


Gutman, J. H. 
Hall, J. D. 
Hana, T. C. 
Hanfling, J. D. 
Hannan, P. W. 
Hanover, A. M. 
Hanratty, R. J. 
Hansell, C. W. 
Hanulec, J. D. 
Harges, M. T. 
Harrison, R. I. 
Haussig, Lester 
Heacock, W. J., Jr. 
Heiss, W. H. 
Hellmann, R. K. 
Hendler, A. J. 
Hershler, Abe 
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Ashworth, B. W. 
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Hansen, G. K. a 
Ingerslev, F. H. B. 
Larsen, B. F. 

Nag, D. S. 
Sorensen, E. V. 
Sorensen, N. E. 
Dottyosics 


England 


Ash, E. A. 
Brown, John 
Cullen, A. L. 
Dawes, J. E. 
Forte, S. S. 
Halsey, J. E. 
Harris, K. E. 
Jackson, Willis 
Kelliher, M. G. 
Laverick, Elizabeth 
Macnee, D. H 


Parsons, A. N. 
Rantzen, H. B. 
Rouse, F. W. D. 
Rubenstein, Gerald 
Siddiqi, M. I. 
Sodomsky, K. F. 
Townsend, F. H. 


Finland 
Ivars, R. E. 


Formosa (Taiwan) 
Hian-Yao, Ong 
Wang, Chun-Chuan 


France 
Baron, Jean 
Berline, S. D. 
Blassel, P. P. 
Calon, A, E. 
Ferrier, P. A. 
Fuks, Alexandre 
Ghertman, Jean 
Guenard, P. R. G, 


Leblond, A. F. 
Loeb, J. M. 
Mandel, Paul 
Prache, P. M. 
Simon, J. C 
Sirel, Michel 
Voge, J. P. 
Warnecke, R. R. 
Weill, Henri 


Germany 
Borgnis, F. E. 
Busch, C. W 
Meyer, E. W. 
Schnupp, Peter 
Severin, H. K. F. 
Uhrmann, A. M. 
Von Trentini, Giswalt 
Zinke, Otto 


Greece 
Kariambas, Nicolas 


Hong Kong 
Hsu, Hsiung 


Iceland 
Frimannsson, Hordur 


India 


Bhattacharyya, B. K. 
Chatterjee, A. K. 
Daruvala, D. J. 

Jain, J. D 

Misra, Harihar 
Raman, §S. 

Rao Ks) Ws 


Traq 
Bunyan, S. A. 


Italy 


Catorci, B. P. 
Derossi, A. D. 
De Vito, G. R. 
Egidi, Claudio 
Fagnoni, Elio 
Floriani, Virgilio 
Genta, Dino 
Koch, Renato 
Monti-Guarnieri, I. G. 
Palandri, G. L. 
Stracca, G. B. 
Vergani, Angelo 


Korea 
Hwang, I. Y. 
Lebanon 
Hoffman, J. D. 
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Mexico 
Chora, L. M. 
Diaz, J. S. 
Espinoza, C. E. F. 
Gilberto, H. R. 
Higuera-Mota, H. R. 
Joaquin, D. S. 
McGee, W. F., Jr. 
Mendez, E. D. 


Rodriguez, Eugenio 
Zepeda, Salvador 


Netherlands 


Alma, G. H, P. 
Gudmansen, P. E. 
Hheijboer, R. J. 
Nijenhuis, Willem 
Op Den Orth, J. M. 
Seeger, C. L. 
Tellegen, B. D. H. 
Zijlstra, Paul 


Norway 


Bostad, J. 
Eliassen, K, E. 
Gaudernack, L. F. 
Jenssen, Matz 
Tangvik, Svein 
Wessel-Berg, Tore 


Scotland 


Campbell, C. K. 
Maclean, D. J. H. 


Singapore 
Hock a iGz 


South Africa 
Zawels, Jakob 


Sweden 


Aurell, C. P. 
Backmark, Nils 
Bolinder, E. F. 
Elfving, A. L. 
Fagerlind, S. G. 
Granqvist, C. E. 
Haard, Bertil 
Hvatum, Hein 
Josephson, B. A. S. 
Joste, S. V. 
Lindstrom, Gunnar 
Lofgren, E. O 
Persson, N. I. E. 
Roll, Anders 
Sivers, C. H. V. 


Switzerland 


Bonanomi, J. A. 
Braun, A. F. 
Brumm, I. G. 
Epprecht, G. W. 
Gaumann, Tino 
Gloor, Bruno 
Guanella, Gustave 
Hagger, H. J 
Holtz, R. F. 
Lang, G. J. 
Lapostolle, P. M. 
Schneider, M. V. 
Tank, Franz 
Walder, Emil 


USSR 


Martjushov, K. I. 
Shmakov, P. V. 


Venezuela 


Alamo-Segovia, J. A. 
Arreaza, R. G. 

Carter, Jack 
Elguezabal, I. I. 
Guia-Monasterio, A. E, 
Guitian, J. E. 

McBain, H. F. 
Torrealba, Juan 


0.360 X 0.220 0.D. WAVE GUIDE SIZE ARA-133 WAVE GUIDE SIZE 
X-BAND FERRITE RIDGED 


WAVE GUIDE ISOLATOR 
(ARA-133 GUIDE SIZE) 


FERRITE ISOLATOR 100 KW 
(WR-28 GUIDE SIZE) 


Sirus asia 34.5 - 35.9 KMC FREQUENCY RANGE: ...........ccccceeeseoee 7050 to 10,800 mc/s 
ISOLATION: nena = 30 dh min. ISOLATION: "40 db minimum 
INSERTION LOSS: . 1 db max. INSERTION LOSS: roo ee) maximum — 
INPUT VSWR? Son vccccecee .. 1.15 max. with matched load : eur vee ae RAPAUTLIT, save hat ee ee load 
POWER HANDLING CAPABILITY: .... 100 KW peak at 30 psig. af Gases If 
100 watts average into 2 to 1 load mismatch 


a 2 to 1 load mismatch 


1.250 X .625 0.0, WAVE GUIDE SIZE 3.000 X 1.500 0.D. WAVE GUIDE SIZE 


FERRITE MINIATURE 


ISOLATOR 400 KW 
(WR-284 GUIDE SIZE) 


FERRITE MINIATURE 


ISOLATOR 300 KW 
(WR-112 GUIDE SIZE) 


E <A mes. FREQUENCY RANGE: .. ... 2700 - 2900 MCS 
ISOLATION: ere serab onload a ISOLATION: ........ 15 db minimum 
0.5 db max. INSERTION L 0.5 db maximum 
1.10 max. with matched load INPUT VSWR: ..... 1.10 maximum with matched load 
.. 300 KW peak at 30 psig; POWER HANDLING ! : ... 400 KW peak 

300 watts average into 400 watts average 

a 2 to 1 load mismatch with matched termination 


INPUT VSWR: 
POWER HANDLIN 


2.000 X 1.000 0.D. WAVE GUIDE SIZE 1.000 X .500 0.D. WAVE GUIDE SIZE 


MINIATURE FERRITE PHASE 


DIFFERENTIAL DUPLEXERS 
(WR-90 AND WR-112) 


FERRITE ISULATOR 350 KW 
(WR-187 GUIDE SIZE) 


FREQUENCY RANGE:_____mo4ou_-___—s« 8500-9600 mc/s 
TRANSMITTED INSERTION LOSS: _______.4 db 


RECEIVED INSERTION LOSS:___Es «5 db 
MAGNETRON INPUT VSWR: _____ 1.15 
ANTENNA INPUT VSWR:___ i. 
LOAD TO MAGNETRON ISOLATION: ___ 25 db 


MAGNETRON TO RECEIVER ISOLATION: _ 25 db 

POWER HANDLING CAPABILITIES: WR-80 — 250 kw peak; 300 
watts average @ 20 psia 
pressure. 200 kw peak — 300 
watts average @ 15 psia. 
WR-112 — 600 kw peak; 600 
watts average @ 30 psia 
pressure, 


1.50 X .750 0.D. WAVE GUIDE SIZE 
FERRITE ISOLATORS 


FOR MICROWAVE RELAY 
(WR-137 GUIDE SIZE) 


FREQUENCY RANGE: oss 5925 to 6425 mcs. 
ISOLATION: ............ «+» 40 db min. 
INSERTION LOSS: 0.0... .cecessesseee 1 db max. 


INPUTAYSWR ne he 1.15 max. i i 
POWER HANDLING” CAPABILITY: 10 watt average; 10 KW peak into Numerous other ferrite designs are available upon request such 


a 2 to 1 load mismatch as the ferrite attenuator, RF switch, and mixer-ferrite duplexer 
shown above. 


1.50 X .750 0.D. WAVE GUIDE SIZE 


BROAD BAND FERRITE 
TEST ISOLATORS 


inc. 


; Frequency Insertion 
Waveguide Range Loss (DB) 


Size (0.D.) (KMC) (Maximum) |(Maximum) 


.360 x .220 30 ie Oe 1.15 


1122 W. Elizabeth Ave., Linden, New Jersey 
Airtron, Cambridge (Ferrite) Division Cambridge, Mass. 
Foreign Affiliates: 
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W. H. Sanders (Electronics) Ltd. , Stevenage Herts, England 
Sivers Lab., Hagersten, Sweden 
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COLLINS RADIO CO., Cedar Rapids, lowa 
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HUGHES AIRCRAFT COMPANY, Culver City, Calif. 
Radar Systems, Guided Missiles, Antennas, Radomes, Tubes, Solid State Physics, Computers 


MARYLAND ELECTRONIC MANUFACTURING CORPORATION, College Park, Md. 


Development and Production of Microwave Antennas and Waveguide Components 


MICRODOT, INC., South Pasadena, Calif. 


Microminiature Coaxial Connectors, Cables, and Assemblies 


MICROWAVE TUBE LAB., SYLVANIA ELECTRIC PRODUCTS, INC., 500 Evelyn Ave., Mountain View, Calif. 
Traveling-Wave Tubes, Backward Wave Oscillators (Helix and Oscillators), Klystrons 


NATIONAL INSTRUMENT CO., INC., 23 E. 26 St., New York, N. Y. 
Wide-Band Microwave Equipment, Simulated Flight Instruments, Lobe Switches, Custom Built Precision Apparatus 


WEINSCHEL ENGINEERING CO. INC., Kensington, Md. 


Attenuation Standards, Coaxial Attenuators and Insertion Loss Test Sets 


WHEELER LABORATORIES, INC., 122 Cutter Mill Road, Great Neck, N. Y. 
Consulting Services, Research & Development, Microwave Antennas & Waveguide Components 


The charge for an Institutional Listing is $50.00 per issue or $140.00 for four con- 
secutive issues. Applications for Institutional Listings and checks (made out to the 
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